
This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 
to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 
to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 
are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other marginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 
publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we have taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 

We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain from automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attribution The Google "watermark" you see on each file is essential for informing people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liability can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 



at |http : //books . google . com/ 



■i?^^ 



5^ 



.- . '*^- 



"^^r 



>-. 




600051 202P 




.# 



f-— ' 



gitized by Google 



Digiti 



zed by Google 



Digiti 



zed by Google 



Digiti 



zed by Google 



Digiti 



zed by Google 



TWO GEOMETRICAL MEMOIRS 

ON THE 

GENERAL PROPERTIES 

OP 

CONES OF THE SECOND DEGREE 

AND ON THE 

SPHERICAL CONICS, 

BY 

M. CHASLES. 

TBAN81.ATED FBOM THE FRENCH, WITH NOTES AND ADDITIONS, 
AND 

AN APPENDIX 

ON THE 

APPLICATION OF ANALYSIS TO SPHERICAL GEOMETRY, 

BY THE 

REV. CHARLES GRAVES, A.M., M.R.I.A., 

FELLOW AND TUTOR OF TRINITY COLLEGE, DUBLIN. 



DUBLIN: 

AT THE UNIVERSITY PRESS, 

FOR GRANT AND BOLTON; 

LONGMAN, BROWN, AND CO., LONDON; AND 
J. AND J. J. DEIGHTGN, CAMBBIDGE. 

MDCCCXLI. 



tized by Google 



Digitiz 



DUBLIN : 
PRINTED BY 0RAI8BBRRY AND GILL. 




Digiti 



zed by Google 



PREFACE. 



The two Memoirs by M. Chasles, " On the Properties 
of Cones of the second Degree," and " On the Spherical 
Conies," of which a translation is now presented to Eng- 
lish geometers, were printed in the sixth volume of the 
Transactions of the Royal Academy of Brussels. Whe- 
ther they are considered merely as exercises of pure 
geometry, exhibiting its elegance and power in a re- 
markable degree, or as a rich and early contribution to 
the theory of spherical curves, they possess strong claims 
on the attention of mathematicians. 

But, published as they were, they remained unseen 
by the greater number of our geometers, so that it 
appeared highly desirable to make them more generally 
known by means of a reprint or translation ; more es- 
pecially as there is no detached work in the English 
language treating of the same subject. Most readers 
would doubtless prefer to see M. Chasles* Memoirs 
reprinted in their original language; but the small 
additional trouble which the translation of them has 
cost, will not have been vainly incurred, if a few readers 
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IV PREFACE. 

benefit by it who are not perfectly familiar with the 
French idiom. 

The matter contained in the Notes and Additions by 
the Translator is for the most part original. Some theo- 
rems relating to the anharmonic function of four points 
and to the involution of six points, have been borrowed 
from the notes to M. Chasles' admirable Histoire de la 
Geometric. 

In the Appendix will be found the outline of a 
system of analytic geometry, intended to accomplish for 
the surface of the sphere what the method of rectilinear 
coordinates has already effected for the plane. The 
Author has barely traced this outline : any reader tole- 
rably conversant with the common processes of algebraic 
geometry will be able to fill it up ; and none will com- 
plain of the incompleteness of a sketch which comprises 
in five and twenty pages the leading principles of the 
algebraic geometry of the sphere, and their application 
to the spherical conies. Those who are anxious to 
pursue this subject farther, will find formulae for the 
transformation of spherical coordinates, and a discussion 
of the general equation of the second degree, in a paper 
which the Author had the honour of laying before the 
Royal Irish Academy on the 28th of June, 1841. 

The twelfth volume of the Transactions of the Royal 
Society of Edinburgh contains two elaborate papers on 
the use of spherical coordinates, by Mr. S. T. Davies. 
The method which he employs leads him necessarily to 
unsymmetrical results, just such as we should meet with, 
if, in the analytic geometry of the plane, we restricted 
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PREFACE. V 

ourselves to the use of polar coordinates ; and, in fact, 
Mr. Davies' method ought to be called that of spherical 
polar coordinates. But it may often be used with ad- 
vantage ; a few of the formula most necessary in its 
application are therefore given in the thirteenth section 
of the Appendix. 

After the Author had constructed the theory of 
spherical coordinates, which he now lays before the 
reader, his attention was directed, by a note attached to 
one of Mr. Davies' papers, to articles published by Pro- 
fessor Gudermann, of Cleves, in Crelle's Journal of 
Pure and Applied Mathematics. From them he learned, 
to his regret, he must own, that he had been antici- 
pated in the choice of his coordinates by Professor 
Gudermann, who has employed them successfully in 
investigating general properties of the spherical conies. 
However, as the Author has not yet been able to pro- 
cure the work on Analytic Spherics, written by the Pro- 
fessor, and referred to in the papers inserted in Crelle's 
Journal, lie is ignorant as to whether he has been also 
anticipated in the use of the differential calculus in dis- 
cussing curves represented by an equation between 
spherical coordinates, and in the invention of general 
formulas for the transformation of such coordinates. 
These steps being made, the theory is complete, and 
nothing remains but to apply it. 

The Author had intended to add a second Appendix, 
containing those theorems relative to the plane conic 
sections, which may be deduced from the properties of 
the spherical conies stated in his Notes and Additions, 
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but he leaves this to the reader, who will find no diffi- 
culty in doing it. 

The Members of the Board of Trinity College, 
Dublin, have contributed, with their wonted liberality 
towards the expense of publishing this work. It is in- 
tended for the use of undergraduate students in the 
University of Dublin ; and, it is hoped, may be useful 
in directing their prevailing taste for pure geometry to 
interesting and worthy objects. 



ERRATA. 

ond col. S^ fo<^ 
ODd ool. for giv 

— 9^ last line but one, S<^ fy read | p. 

HI, line 10, M tanV, read A tan V 



Fage 61, line 17, second col. for fed, re<td ibeus. 

66, 22, second col. for given, read assumed. 
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ON 



THE GENERAL PROPERTIES 



CONES OF THE SECOND DEGREE. 



In a preceding Memoir on the general properties of the sur- 
faces of revolution of the second degree, inserted by order of 
the Royal Academy in the collection of its memoirs, we de- 
monstrated various properties of the cones of the second degree, 
which presented themselves as immediate consequences of the 
principles which we had founded upon the polar transforma- 
tions of these cones and of the conic sections. 

We now propose to discuss, by a direct method, some of the 
general properties of the cones of the second degree. We 
might have continued to employ the theory of polar transfor- 
mations ; but there is a more simple mode of proceeding, alto- 
gether independent of this theory. This mode is purely geo- 
metrical, requiring only a knowledge of the most elementary 
properties of the circle. 

The only properties of the cones of the second degree which 
we shall assume as known are the two following : 

*' In every cone of the second degree there are three rectan- 
gular conjugate axes. There are also two series of circular 
sections, situated in planes parallel to two fixed planes." 

This second proposition, which we receive without demon- 
stration, as it is to be found in the elementary treatises on 
surfaces of the second degree, is the basis of our entire work ;♦ 
and the numerous theorems to which we shall be led will all 
be deductions from this principle ; and easy deductions, inas- 
much as they will appear to result from elementary properties 
of the circle ; so that we might say that our various theorems 

* This general property of the cones of the second degree is due, I 
believe, to Descartes, who demonstrated it by the new principles of his 
geometry. His proof is to be fomid in the 6tn vol. of his Lettres (12mo. 
ed. 1724, 1725.) 

B 
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2 ON THB GENERAL PROPERTIES 

are, as it were, inscribed upon the planes of the circular sections 
of the cones of the second degree. 

These theorems might also be demonstrated by algebraic 
analysis ; but this method, which in general offers so great 
advantages, loses them all in this case, since it often requires 
very tecUous calculations, and exhibits no connexion between 
the different propositions ; so that it is only useful in veriftring 
those which are already known, or whose truth has been 
otherwise suggested as probable. 



SECTION L 

PRELIMINARY CONSIDERATIONS. 

1. A cone of the second degree is one which has a conic 
section for its base. 

Let there be two tangent planes; their traces on the 
plane of the conic section will be two tangents to this curve ; 
the plane containing the two sides of the cone along which 
it is touched by the tangent planes, will meet the plane 
of this conic section in the chord which joins the points of 
contact of the two tangents; this chord is the polar, with 
relation to the conic section, of the point of concourse of 
the two tangents : hence we say that the plane of the two 
sides, along which the two tangent planes touch the cone, is 
the pohir plane, with relation to the cone, of the right line of 
intersection of these two tangent planes ; and this right line 
is called the polar of the plane of these two sides of contact. 

It is well known that, in the conic section which is the base 
of the cone, all the right lines drawn through the same point 
have their poles upon the polar of this point ; it follows, tnere- 
fore, that 

In a cone of the second degree, all the planes passing through 
the same axis^ have their polars situated in the polar plane of 
this axis. 

Hence, if, in the polar plane of any axis, we draw arbitrarily 
a second axis, the polar plane of tms latter will pass through 
the first axis ; and so these two axes are called conjugate : their 
polar planes are also said to be mutually conjugate ; so that 
two diametral planes of a cone of the second degree are 
conjugate, when the polar of one of them is in the other plane. 

2. Since every transversal plane, which cuts the cone in a 
conic section, cuts the polar plane of any axis in a right line 

* We apply the name " axis" to every right line passing through the 
vertex of the cone. 
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OF CONES OF THE SECOND DBGRBB. 3 

which is the polar, with relation to the conic section, of the 
point where this plane meets this axis, it follows that if this 
transversal plane be parallel to the polar plane of the axis, it 
will cut the cone in a conic section whose centre will be the 

Eoint where it cuts this axis, since the polar of this point will 
e at an infinite distance. 
Hence, the polar plane of any axis of a cone is such that 
every plane which is parallel to it cuts the cone in a conic 
section whose centre is upon this axis ; and conversely, the 
polar axis of a plane is the geometrical locus of the centres of 
the sections made in the cone by planes parallel to this plane. 

3. Through the vertex of a cone of the second degree, we 
mifi^ht draw, in an infinite number of dififerent ways, three! 
right lines such that each of them should be the polar of the 
plane of the two others. For, after having taken the polar 
plane of one right line, let us take the polar plane of a second 
ri^ht line drawn in this first polar plane ; these two planes 
will intersect in a third right line, which will be the polar of 
the plane of the two first ; so that these three rieht hnes will 
be so related to each other that each of them will be the polar 
of the plane of the two others ; and consequently, each of 
them is the locus of the centres of the sections made in the 
cone by planes parallel to the plane of the two others : these 
three rignt lines form a system of conjugate axes. 

Hence, in every cone of the second degree there is an infinite 
number of systems of three conjugate axes. 

4. It is clear that three conjugate axes meet a transversal 

f)lane, in three points of which each is the pole of the right 
ine which joins the two others, with relation to the conic 
section in which this plane cuts the cone ; if, therefore, this 
plane be parallel to the plane of two of the three conjugate 
axes, it will cut the two other faces of the trihedral angle 
formed by these three axes, along two conjugate diameters of 
the conic section in which this plane cuts the cone. 

These properties of three conjugate axes of a cone of the 
second degree shew that it is very useful in analytic geometry 
to take three conjugate axes for the three axes of coordinates, 
Xj y, Zf because then the equation of the cone contains only 
the squares of the three coordinates. For every plane paral- 
lel to the plane of two of these axes will cut the cone in a 
conic section wluch will have its centre upon the third axis, 
and two conjugate diameters respectively parallel to the two 
first axes; consequently, the equation of the projection of 
this conic section upon the plane of the two first axes will be 
referred to two conjugate diameters, and will, therefore, con- 
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4 ON THE GENERAL PROPERTIES 

tain only the squares of the two coordinates ; which proves 
that the equation of the cone itself contains only the squares 
of the three coordinates. 

5. It is known that, amongst all the systems of conjugate 
axes belonging to a cone of the second degree, there is one in 
which the three axes are rectangular. Hence, every plane 
perpendicular to one of these axes cuts the cone in a conic 
section which has its centre upon this axis, and its principal 
diameters parallel to the two other axes. 

One of these axes lies in the interior of the cone, and every 
plane which is perpendicular to it cuts the cone in an ellipse ; 
the two other axes are outside the cone, and every plane per- 
pendicular to either of them cuts the cone in a nyperDola 
whose asymptotes are parallel to the two sides of tne cone, 
which are parallel to the cutting plane. 

Of the tnree rectangular conjugate axes, the one which lies 
in the interior of the cone will henceforward be designated as 
the principal axis of the cone ; that which is parallel to the 
major axis of the ellipse, in which the cone is cut by a plane 
perpendicular to the principal axis, will be called the major 
axis of the cone ; and the one which is parallel to the minor 
axis of this ellipse, will be denominated the minor axis of 
the cone. 

The plane which contains the principal axis and the major 
axis will be the plane of the greatest section of the cone ; the 
plane which contains the principal axis and the minor axis 
will be the plane of the least section of the cone ; and finallv, 
the plane which contains the major and the minor axes will 
be tne principal plane of the cone. 

It is manifest, that the principal plane does not cut the cone 
along any side ; that, among all planes which can be drawn 
through the principal axis, tne plane of the greatest section is 
that which cuts tne cone along the two sides which contain 
between them the greatest angle ; and that the plane of the 
least section is that which cuts it along the two sides which 
contain between them the least angle. 

The tangent planes to the cone passing through the axis 
major, touch it along the two sides contained in the plane of 
the least section ; the tangent planes passing through the 
minor axis touch it along the two sides contained in the plane 
of the greatest section ; and finally, through the principal axis 
no tangent plane can be drawn to the cone. 

It is further to be remarked, that every plane passing 
through the principal axis cuts the cone along two sides, 
which make equal angles with this axis ; and that if a plane. 
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OF CONBS OF THB SECOND DEGREE. O 

passing through the major or minor axis, cuts the cone, the 
two sides of intersection will also make equal angles with this 
axis. 

. If the section of the cone, made by a plane perpendicular to 
its principal axis, be a circle, instead of being an ellipse, all 
the sides of the cone will make the same angle with this prin- 
cipal axis, and the cone will be one of revolutiour 

6. Let there be a cone of the second degree ; through its ver- 
tex let us draw right lines perpendicular to its tangent planes, 
they will form a second cone, which will be of the second 
degree ; since every plane passing through its vertex can only 
cut it along two sides ; for if a p&ne were to cut it along three 
sides, these sides would be perpendicular to three planes 
touching the proposed cone, which planes would pass through 
the same rignt line perpendicular to the plane of the three 
sides ; which is impossible, since through a right line only two 
tangent planes can be drawn to a cone of the second degree. 
Consequently, the second cone is of the second degree. 

Two adjacent sides of this cone, that is, two sides infinitely 
near, are perpendicular to two adjacent planes touching the 
proposed cone ; the plane of these two sides is perpendicular 
to the rifi^ht line of intersection of the two adjacent tangent 
planes ; that is to say, the tangent planes to the second cone 
are perpendicular to the sides of the first ; we have, therefore, 
the following theorem : 

The right lines drawn through a fixed point perpendicular 
to the tangent planes to a cone of the second degree, form a 
second cone of the second degree ; 

And the tangent planes to this second cone are perpendicu- 
lar to the sides of the first, 

7. Hence, to each side a in the first of the two cones cor- 
responds a plane p touching the second cone, which plane is 
perpendicular to this side a. 

This plane p touches the second cone exactly along the 
side which corresponds to the plane touching the first cone 
along the side a. For the side of contact ot the plane p and 
of the second cone is perpendicular to a plane touching the 
first cone ; this plane will necessarily pass through the per- 
pendicular to the plane p, which is the side a of the first cone; 
it will therefore touch this cone along this side a. There- 
fore, 

To a side of the first cone and to the tangent plane parsing 
through this side, correspond a tangent plane to the second 
cone and the side of contact with this tangent plane. 

8. To two planes touching the first cone correspond two sides 
of the second cone ; the plane of these two sides is perpen- 
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6 ON THE GENERAL PROPERTIES 

dicolar to the Tigrht line of intersection of the two tanseat 
planes, and the j^anes touching the second cone alonfif these 
sides are perpendicular to the sides of contact of the two 
planes touching the first cone ; their right line of intersection 
IS perpendicular to the plane of these two sides of contact ; 
therefore. 

To a right line and to its polar plane, with relation to the 
first cone, correspond a plane and its polar, with relation to 
the second cone. 

9. Hence it follows, that to two conjugate axes of the first 
cane correspond two conjugate planes of the second cone. 

For the polars of these two planes, with relation to the 
second cone, will correspcmd to the two polar planes of the 
two axes of the first cone ; these two planes mutually pass 
through these two axes, since these axes are conjugate ; there- 
fore, the two right lines which correspond to these planes are 
mutually in the diametral planes of the second cone, which 
proves tnat these two planes are conjugate (1). 

10. To two right lines drawn arbitrarily through the vertex 
of the first cone, wiU correspond in the second cone two 
planes, containing between them an angle equal to the sup- 
plement of that of tho' two right lines ; the intersection of 
these two planes will be perpendicular to the plane of the 
two right lines. 

These relations between the two cones are the same as those 
which exist between two supplementary trihedral angles, or 
between two supplementary spherical triangles ; on this ac- 
count we shall call the two cones supplementary one to the 
other. 

From what has been said, it is plain that the properties rela- 
tive to the angles contained by certain planes and right lines 
passing through the vertex of the first cone will give rise to 
properties of corresponding right lines and planes in the second 
cone ; so that the properties ^ cones of the second degree are 
double^ as well as those of spherical triangles. 

11. Let us suppose that tne two supplementary cones have 
the same vertex. 

To three conjugate diameters of the first cone will evidently 
correspond three conjugate diametral planes of the second 
cone (9). Therefore, to the three rectangular conjugate dia^ 
meters of the first cone will correspond the three rectangular 
conjugate diametral planes of the second. To thei principal 
axis of the first cone will correspond the principal plane of the 
second ; so that the two cones will have the same principal 
axis and the same principal plane. But the plane of the 
greatest section of the first will be the plane of the least sec- 
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OF CONES OF THE SECOND DEGREE. 7 

tion of the second, since the angle between the two sides of 
the second cone contained in this plane will be the supplement 
of the angle between the two sides of the first cone contained 
in this plane : in like manner, the plane of the least section 
of the nrst cone will be the plane of tie ereatest section of 
the second. It follows, that the major bxxs of the first cone 
will be the minor axis of the second, and the minor axis of 
the first cone will be the major axis of the second. 

12. It is known that every cone of the second degree may 
be cut in circular sections by two series of planes parallel to 
two fixed planes ; and that these two fixed planes bemg drawn 
through the vertex of the cone, pass through its major axis, 
and are therefore perpendicular to the plane of die least sec- 
tion. 

As these two fixed planes possess a great number of proper- 
ties which we are about to state, we are under the necessity 
of designating them by a particular name, and we shall call 
them cyclic planes. 

Thus, the cyclic planes of a cone of the second degree are 
two fixed planes passing through its vertex, and parallel to 
the planes of the circular sections of the cone. 

13. Two conjugate axes of the cone contained in a cyclic 
plane, are always at right angles, since they are parallel to 
two conjugate (uameters of the section of the cone made by a 
plane par^lel to the cyclic plane, this section being a circle ; 
nence. 

The cyclic planes of a cone possess this characteristic pro- 
perty, that 

Two conjugate axes of the cone contained in a cyclic plane 
are always at right angles. 

14. To the cyclic planes of a cone correspond, in the sup- 
plementary cone, two right lines perpendicular to these cyclic 
planes. Two conjugate axes of the first cone, contained in a 
cyclic plane, being at right angles (13), we infer that two 
conjugate planes of the supplementary cone, passing through 
one of the two right lines just mentioned, are at right an- 
gles. 

A plane perpendicular to one of these right lines will cut 
the cone in a conic section, and the two conjugate planes in 
two right lines perpendicular to each other, ana such that the 
pole of one of them, with relation to the conic section, will be 
upon the other right line (1). Thus, the point where the 
cutting plane meets the rignt line in question is such that 
every secant passing through this point has its pole, with 
/relation to the conic section, upon the perpendicular to this 
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secant passing through the point. This proves that the 
point is a focus of the conic section.* 

Hence, every plane perpendicular to one of the two right 
lines just mentioned cuts the cone in a conic section, one of 
whose foci is upon this ri^ht line. 

These two nffht lines, being perpendicular to the two cyclic 
planes of the first cone, are in tne plane of its least section 
(12), and are consequently in the plane of the greatest section 
of the supplementary cone (11). We have, therefore, this 
general property of cones : 

In every cone of the second degree there are two right lines 
lying in the plane of its greatest section, which possess the 
property that every plane perpendicular to one of them cuts 
the cone in a conic section, one of whose foci is upon this 
right. line. 

In the first memoir above referred to, we proved the exist- 
ence of these two right lines by means of the theory of polar 
transformations, and we called tYxeta focal lines in conseauence 
of the characteristic property which we have just stated; but 
we did not there observe that two conjugate planes parsing 
through one of these two right lines are always at right 
angles. 

15. From what precedes it results, that 

In two cones of the second degree, supplementary one to the 
other, the focal lines of one correspond to the cyclic planes of 
the other. 

This theorem is very important, since it follows from it that 
the properties of the focal lines are consequences from those 
of the cyclic planes, and vice versd. 

* In what follows, we shall not take for granted any of the properties 
of the foci of the conic sections ; these properties might even he deduced 
from those which we are about to demonstrate with reference to the cones 
of the second degree. However, it is necessary to define the foci of a 
conic section hy some one of their properties. That which we have em- 
ployed here to characterize these points is not, it is true, the most gene- 
rally known ; but it is known, and we are indebted for it to De Lahire ; 
M. Poncelet has proved it, and has applied it with advantage in his 
** Traite des Proprietes Projectives" (p. 260, Nos. 451 and 453.) We 
shall take another opportunity of showing that this property adapts itself 
to the study of the conic sections with more readiness than many others 
equally characteristic. Moreover, it must be remarked, that we here define 
the foci of a conic section by the property in question merely to justify 
the designation of focal lines, which we adopt for the two axes of a cone 
of the second degree perpendicular to the cyclic planes of the supplemen- 
tary cone. But all tne properties of these two axes which we are about 
to prove are quite independent of the foci of the conic sections ; and any 
one of these properties might as well be fixed upon to justify the designa^ 
tion of focal lines. 
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OF CONES or THE SECOND DEGREE. 9 

Thus, it will be sufficient for us to prove the one, and merely 
to state the others, without actually giving a particular demon- 
stration of these latter. 

16. First, let us lay down some properties of the circular 
sections of a cone, which we shall have to make constant 
use of. 

When we consider two circular sections of a cone whose 
planes are not parallel, we call them antiparallel or subcon^ 
trary sections. 

Through each point on the surface of a cone of the second 
degree, two subcontrary sections can be made to pass ; for it 
is sufficient to draw through this point two planes parallel to 
the two cyclic planes of the cone. 

17. Every sphere passing through a circular section of a 
cone cuts this cone in a second subcontrary circular section. 

For, any side of the cone penetrates the sphere in two points, 
the rectangle under the distances of which from the vertex of 
the cone is constant: one of these points is on the plane of the 
circle throuff h which the sphere has been made to pass ; con- 
sequently, the other point is upon a sphere passing through 
the vertex of the cone, and having its centre upon tne perpen- 
dicular let faH from the vertex upon the plane of this circle ; 
(see the note at the end of this memoir ;) the intersection of 
the first sphere and the cone is upon this second sphere, which 
proves that this intersection is a circle. The plane of this 
second circle cannot be parallel to the plane of the first ; for 
in that case the cone would evidently be one of revolution. 
This second circle is therefore a subcontrary section with 
relation to the first : the theorem is therefore demonstrated. 

It follows from hence, that 

A sphere can be made to pass through any two subcontrary 
sections of a cone of the second degree. 

18. Let us suppose that the plane of one of the two circles 
approaches indennitely towards the vertex of the cone; as this 
plane is always parallel to a cyclic plane, when this circle de- 
generates into a point which is the vertex of the cone, the 
sphere will touch this cyclic plane ; therefore. 

Every sphere passing through a circular section and through 
the vertex of a cone of the second degree^ touches a cyclic 
plane ; 

And conversely, 

Every sphere passing through the vertex of a cone of the 
second degree, and touching a cyclic plane, cuts the cone in a 
circle, whose plane is parallel to the second cyclic plane of 
the cone. 
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SECTION II. 

PROPERTIES OF THE TWO CYCLIC PLANES OF A CONE CONSI- 
DERED simultaneously; and properties of the TWO 
FOCAL LINES OF A CONE CONSIDERED SIMULTANEOUSLY. 

19. The properties of the cyclic planes of a cone are of two 
kinds ; some have reference to these two planes considered 
simultaneously, others to only one of these planes. It is as 
easy to state the one as the other ; but as the former appear 
in some degree to be more characteristic, we shall commence 
with them. 

The two focal lines of a cone, as appears from theorem 
(15), will be found to possess properties corresponding to those 
of the two cyclic planes. 

20. Let tnere be a cone of the second degree ; let it be cut 
by two planes parallel to its two cyclic planes ; the sections 
will be two circles lying on the same sphere (17). Each side 
of the cone meets these circles, and tne tangent plane to the 
cone along this side cuts their planes in two right lines which 
are the tangents to these circles, passing through the points 
where the side meets them : these two right lines are there- 
fore tangents to the sphere which passes through the two cir- 
cles. Now, two tan^^ents to a sphere lying in the same plane 
make equal angles with the chord which joins the two points 
of contact ; here this chord is the side of the cone ; the two 
tangents are respectively parallel to the two right lines in 
which the tangent plane intersects the two cyclic planes. We 
have, therefore, the following property of the cyclic planes, 
and, consequently, the property of tne iocal lines stated in the 
second column : 

Every tangent plane to a cone of The planes passing through the 

the second degree intersects the two two focal lines of a cone of tne se- 

cyclicplanes in two right lines, which cond degree and through any side 

make equal angles with the side of whatever, make equal angles with 

the cone along which it is touched the plane touching the cone along 

hy the tangent plane. thatside(a). 

(a) This theorem and the second in No. 24, have heen already given by 
M. Magnus, of Berlin (Annales de Mathematiques, Aug^t, 1825.) As to 
all the other properties of the cones of the second degree contained in this 
memoir, we believe they are quite new, with the exception of some which 
we have already stated in our Memoir on the surfaces of revolution of the 
second degree, inserted in the 5th vol. of the New Memoirs of the Royi^ 
Academy of Brussels. 
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OF CONES OF THE SECOND DEGREE. 11 

21. Convfersely, 

If a cone be such that its tangent If a cone be such that the planes 

plane, passing through any side, in- passing through two fixed axes and 

tersects two fixed planes in two through any side whatever, make 

ri^ht lines, making equal angles equal angles with the plane touch- 

with that side, this cone is of the ing the cone along that side, this 

second degree. cone is of the second degree. 

In order to demonstrate the first theorem, let us draw two 
planes p, p^ parallel to the two fixed planes. LetM, m^ m'', m"', 
be the points where four consecutive sides infinitely near to 
one another meet the first plane p, and let m, w/^ m'\ m/"^ 
be the points where these same sides meet the second plane p^ 

Let us imagine the circle wluch passes throug^h tne three 
points M, m', m^^ to be the base of a second cone, having the same 
vertex s, as the proposed cone ; the section of this cone made 
by the second plane p^ will pass through the points m^ m'j m'\ 
and this curve will be a circle ; for (by hypothesis) the two 
right lines mm^ mm!^ making equal angles with the side SMm, 
the plane of the circular section of the second cone passing 
through the point m will pass through the right line mm'^ as 
appears from the preceding theorem ; the two tangents m'm", 
m'm" also making equal angles with the side sm'»» , the plane 
of this circular section will Ekewise pass through the tani^ent 
m'm" ; this plane will, therefore, be exactly the plane of the 
three-points »i, w', m'' ; so that p, p' will be the planes of two 
subcontrary sections of the second cone: the tangents to these 
two sections passing through the points m'', w", will, there- 
fore, make equal angles with the side ^yC'm" (20) ; but the 
two right lines m''m''', aw'W make (by hypothesis) equal 
angles with that side; these two right lines are, therefore, 
actually the tangents to the two circular sections of the second 
cone : for, through the two points m", m'* only two right lines 
can be drawn in tne planes p, p^ which make e(|ual angles with 
the side SM"m'^ since these two right lines mtersect at the 
point where the plane, drawn at nght angles to this side 
through the middle point of the segment M"»i", meets the inr 
tersection of the two planes p, p'. 

Hence, it is proved that tfie circle passing through three 
points infinitely near, m, m^ m'', assumed in the section of the 
proposed cone made by a plane parallel to one of the two fixed 
planes, passes always through a fourth point m''' of this curve 
infinitely near the former ; fpr the same reason, this circle, 
passing through the three consecutive points m', m", ia'"^ will 
pass through a fifth point, and again, through a sixth ; which 
proves that this base is itself a circle ; or, in other words, the 
osculating circle of this curve has at every point in it a con- 
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12 ON THE GENERAL PROPERTIES 

tact with it of the third order, from which it follows that this 
curve can only be a circle. Thus we hare proved the first 
theorem, and consequently the second. 

22. The two theorems (20) are particular cases of the fol- 
lowing: 

Evenr plane passing through two The planes passing through the 
sides of a cone of the second degree two foc»l lines of a cone of the se- 
mtersects the cyclic planes in two cond d^ee and through the right 
right lines which respectively make line of mtersection of two tangent 
equal angles with these two sides. planes to the cone respectively make 

rl angles with these two tangent 
es. 

It is sufficient to prove the first of these two theorems. 

For this purpose, let us take two subcontrary sections of 
the cone ; the plane of the two sides cuts the planes of these 
two circles alon^ two chords, which form, with the portions of 
the two sides lymg between these chords, a plane quadrilate- 
ral, inscribed in the circle in which the plane of this quadrila- 
teral intersects the sphere, on the sur£eu» of which are the two 
subcontrary sections ; two opposite angles of this Quadrilate- 
ral are, therefore, supplemental one to the other ; nence the 
two chords respectively make equal angles with the two sides 
of the cone. These cnords are parallel to the right lines in 
which the plane of the two sides intersects the two cyclic 
planes; the first theorem is, therefore, proved; the second 
follows from it. 

In the memoir above referred to we had already proved these 
two theorems in two different ways ; first, as a consequence 
from the properties of the lines of curvature of a hyperboloid 
of one sheet ; and again, as a consequence from the proper- 
ties of sur&ces of revolution of the second d^ree. 

23. Two planes touching a cone The four vector planes, passing 
of the second d^ee along any two through the two focal lines of a 
sides, intersect the two cjclic planes cone of the second dejnree and 
in four right lines, which are the through any two sides of the cone, 
generatrices of the same cone of re- are tangents to the same cone of re- 
volution, whose axis* of revolution volution, whose axis of revolution is 
is perpendicular to the plane of the the right line of intersection of the 
two Sides of contact. two planes touching the proposed 

cone along the two sides. 

Let us prove the first theorem. 

The first tangent plane intersects the two cyclic planes in 
two right lines, making equal angles with the side of contact 
(20) ; therefore, these two right Unes make equal angles witii 
every plane passing through this side ; consequenUy, they 
make equal angles with the plane of the two sides. In like 
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OF CONES OF THE SECOND DEGREE. 13 

manner the second tangent plane intersects the two cyclic 
planes in two right lines, which make equal angles with this 
same plane of the two sides. 

Now let us imagine a plane parallel to one of the cyclic 
planes ; it will cut the cone in a circle, and the two tangent 
planes to the cone in two tangents to this circle ; these two 
tangents will be parallel to the two right lines in which the 
cycUc plane intersects the two tangent planes ; but these two 
tangent's make equal angles with the chord which joins their 
points of contact, and, consequently, they make equal angles 
with every plane passing through this right line ; they, there- 
fore, make equal angles with the plane of the two sides of 
contact with the tangent planes. 

Hence, it follows, that the four right lines of intersection 
of the two cyclic planes with the two tangent planes, make 
equal angles with the plane of the two sides ; consequently, 
they make equal angles with the right line perpendicular to 
diis plane, which proves that they are generatrices of the same 

X^ t cone, whose axis of revolution is perpendicular to the 
e of the two sides of contact, q. e. d. 

24. The sum or the difference The sum or the difference of the 

of the angles^ which each tangent angles^ which each side of a cone of 

plane to a cone of the second degree the second degree makes with its 

makes with the two cyclic planes, is two focal lines, is constant. (See 

constant. note to 20.) 

These two theorems may be respectively deduced from the 
two preceding ones in the same manner : we mean to prove the 
second, since the figure it requires is easily constructed. 

Let there be a sphere, whose centre is at the vertex of a 
cone, it will meet the two focal lines, (supposed to be prolonged 
within a single sheet of the cone,) in two points f, f' ; it will 
meet any two sides of the cone in two points, m^ n; and the 
four vector planes passing through these sides, in four arcs of 
ffreat circles, which will touch a small circle of the sphere 
termed by the intersection of the sphere with the right cone, to 
which the four vector planes are tangents. (23, second column.) 

As the arcs f»i, f'wi, f«, t% measure the angles which 
the two focal lines make with the two sides of the cone, our 
object is to prove that the sum of the first two is equal to the 
sum of the two latter. 

Let a, a\ ft, ft', be the points where these four arcs respec- 
tively touch the smsdl circle. 

The two arcs ma, ma' are equal, as being drawn from the 
same point m, to touch the small circle ; hence we conclude 
that ¥m + f'w = fa + F'a'. 

In like manner, the arcs nft, nb' are equal, and it follows 
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14 ON THE GENERAL PROPERTIES 

that Fn + v'n = pft + f^6^; now, the arcs Fa and pi are equal, 
the arcs f V and v'V are also equal ; the two right hand mem- 
bers of the two equations are therefore equal, and, consequently, 
the first members are likewise equal to one another ; which 
was to be proved. 

The angles made by the two generatrices of the cone with a 
focal line, are the supplements of the angles made by these 
generatrices with the production of this focal line within the 
second sheet of the cone ; so that the difference of the angles 
made by a side of the cone with one focal line and with the 
production of the other focal line, is also a constant quantity ; 
It was for this reason that in the enunciation of the theorem 
we said, the sum or the difference of the angles made by each 
side with the two focal lines. Thus the theorem is proved. 

25. It is known, that if , in a spherical triangle, one angle 
be invariable, and also the product of the trigonometric tan- 
gents of the halves of the sides containing it ; the area of the 
triangle will remain constant, ^Legendre s Geometry ; Note 
on the Area of the Spherical Tnanele.) From the first of the 
two preceding theorems we may, Uierefore, deduce the first, 
and, consequently, the second of the two following ones : 

In every cone of the second de- In every cone of the second de- 
gree, each tangent plane intersects gree, the vector planes, pasring 
the two cyclic planes in two right Birongh the two tocBX lines and 
lines such that the product of the through anv side of the cone, are 
tangents of the semi-angles, which snch that the product of the tan- 
they make with the intersection of gents of the senu-angles, which they 
the two cyclic planes, is constant. make with the plane of the two fo- 
cal lines, is constant. 

It would be easy to prove these two theorems directly, 
without making use of tne proposition in spherical trigono- 
metry to which we referred ; but as this proposition is to be 
found in an elementary work familiar to all geometers, we may 
be allowed, in order to save time, to avail ourselves of it ; more- 
over, we shall hereafter give the direct proof of which we 
speak, and which will exhibit the two theorems above stated, 
as dependinfi" upon the most elementary principles of geometry. 

26. Let mere be two subcontrary sections of a cone of tne 
second degree; each side of the cone meets these two circles 
in two points, the rectangle under the distances of which 
from the vertex of the cone, is invariable, whatever be this 
side, since these two circles are upon the same sphere (17). 
If from the vertex of the cone, perpendiculars be let fall on the 
planes of the two circles, they will be respectively equal to 
these two distances, respectively multiplied by the sines of the 
angles, which the side of the cone makes with the planes of 
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OF CONES OF THE SECOND DEGREE. 15 

the two circles ; therefore, the rectangle under the two per- 
pendiculars will be equal to the rectangle under the two dis- 
tances, multiplied by the product of the two sines. Now, the 
perpendiculars will be the same, wliatever side of the cone we 
consider ; the rectangle under the two distances is also the 
same, as we have just shown ; therefore, the product of the 
two sines is constant ; but the planes of the two circles are 

S>arallel to the two cyclic planes of the cone ; we have, there- 
ore, the first of the two following theorems, and, conse- 
quently, the second. 

In every cone of the second de- In every cone of the second de- 
gree, the i>roduct of the sines of the gree, the product of the sines of the 
angles, which each side makes with angles, which each tangent plane 
the two cyclic planes, is constant. makes with the two focal lines, is 

constant. 

27. If from a point o, taken arbitrarily, perpendiculars be 
let &11 upon the tangent planes to a cone of the second de- 
gree, they will form a second cone of the second degree, which 
will be the supplementary one to the first (10). The feet of 
these perpendiculars will be upon the sphere whose diameter 
is the right line joining the point o with the vertex of the 
given cone, since the nght line drawn from this vertex to the 
foot of each perpendicular, makes a right angle with that per- 
pendicular. Hence the feet of the perpendiculars will be upon 
the curve of intersection of the sphere and the second cone. 

Let us suppose the point o to be upon a focal line of the 
given cone. This right line is perpendicular to a cyclic 
plane of the second cone (15) ; the sphere whose centre is 
upon this right line will, tnerefore, touch this cyclic plane, 
wnich proves that it will intersect the second cone- in a circle 
lying in a plane parallel to the second cyclic plane of this 
cone (18) ; this second cyclic plane is perpendicular to the 
second focal line of the given cone (15) ; we have, therefore, 
the following theorem : 

If from a point assumed upon a focal line of a cone of the 
second degree^ perpendiculars be let fall upon the tangent 
planes to this cone, their feet will be upon a circle, the plane 
of which will be perpendicular to the second f)cal line of the 
cone. 

28. The right lines which join the vertex of the given 
cone with the feet of the perpendiculars are the orthogonal 
projections of the first focal hue upon the tangent planes; 
these right lines form a cone having for its base the circle 
which is the locus of the feet of the perpendiculars. This 
cone is evidently symmetrical on each side of the plane of the 
greatest section of the given cone in which the focal line lies ; 
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and it touches this given cone along the two sides lying in this 
plane, since these two sides are the projections of the focal 
line upon the tangent planes along those sides. From this 
position of the cone it results, that me orthogonal projections 
of the second focal line upon the tangent planes wul be upon 
this same cone. This cone will therefore pass, as appears from 
the theorem which we have just proved, through a second circle 
lying in a plane perpendicular to the second focal line ; whence 
we deduce the first of the two following theorems, and conse- 
quently the second : 

The orthogonal projections of the If a right angle, havine the same 
two focal lines of a cone of the se- vertex with a cone of tiie second 
cond degree upon the tangent planes degree, turn round this vertex, so 
to the cone form a second cone of that one of its sides moves along 
the second decree, which has adou- either of the two cyclic planes of the 
ble contact with the proposed cone, cone, whilst its other side moves 
and whose cyclic planes are perpen- round the cone ; the plane of this 
dicular to the focal lines of the lat- angle will envelope a cone of the 
ter. second degree, which will have a 

double contact with the ^iven cone, 
and whose focal lines will be per- 
pendicular to the two cyclic planes 
of the latter. 

29. Theorem (27) gives rise to the following, which is the 
converse of it: 

If through the different points of a circle traced upon a 
cone of the second degree planes be drawn perpendicular to 
the sides passing through these points^ these planes will enve-- 
lope a second cone of the second degree^ one of whose focal 
lines will pass through the vertex of the given cone^ and whose 
other focal line will be perpendicular to the plane of the circle. 

30. If from a point in the focal line of a cone, perpendicu- 
lars be let fall upon two tangent planes, the right line joining 
their feet will be at right angles with the right line of inter- 
section of the two tangent planes; now, by theorem (27), 
the former right line will also be at right angles with the 
second focal line of the cone ; it is, therefore, perpendicular to 
the plane passing through the right line of intersection of the 
two tangent planes and through the second focal line ; there- 
fore. 

If from a point in a focal line of a cone of the second de^ 
gree^ perpendiculars be let fall upon two tangent planes, the 
plane parsing through the vertex of the cone and perpen- 
dicular to the right line joining their feet will pass through 
the second focal line of the cone, 

31. This may be otherwise stated in the first of the two fol- 
lowing theorems, from which the second is a consequence : 
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If a focal line of a cone of the If two right angles have each a 

second d^;ree be orthogonally pro- side upon a cyclic plane of a cone 

jected upon two tangent planes, the of the second degree, and their 

plane passine througn the right line two other sides coincident with two 

of intersection of the two tangent sides of the cone, the right line of 

planes, and perpendicular to the intersection of their planes and the 

plane ccmtaining toe two projections, right line in which the plane of the 

will pass through the second focal two sides intersects the second cy- 

line. clic plane will be at right angles. 

32. Let there be two cones of the second degree, having 
the same vertex and the same cyclic planes; if a common tan- 
gent plane be drawn to them, it will touch the two cones along 
two sides, each of which will make equal angles with the two 
fight lines in which this tangent plane intersects tiie two 

2 die planes (20.) These two sides will therefore bisect both 
e angle and the supplement of the angle contained by these 
two right lines, which proves that these two sides are at right 
angles. We have, therefore, the two following theorems : 

When two cones of the second If two cones of the second degree, 

degree have the same vertex and which have the same vertex and the 

the same cyclic planes, if aconmion same focal lines, intersect one ano- 

tangent plane be drawn to them, ther, thdr tangent planes pasdng 

the two sides of contact lying in this through each side of intersection 

plane will be at right angles to each will be at right angles, that is to 

other. say, the two cones will cut one ano- 
ther at right angles. 

M. Dupin and M. Binet, Jan. have stated the general 
conditions to be fulfilled in order that two surfaces of the 
second degree may cut every where at right angles ; but they 
did not include in their researches the case of two conical sur- 
faces, which is disposed of in the second of the two theorems 
just proved. (See Developpemens de Geometric de Ch. 
Dupin, and, 16* cahier des Joumaux de Tecole Poly tech- 
nique.) 

These two theorems may be employed with great advan- 
tage in different investigations, as we shall hereafter have 
occasion to show. 



SECTION III. 

PROPERTIES OF A CONE OF THE SECOND DEGREE RELATING 
TO A SINGLE CYCLIC PLANE; AND PROPERTIES RELATING 
TO A SINGLE FOCAL LINE. 

33. The properties of a cone of the second degree relating 
to a single cyclic plane, which we are about to prove, are 
deduceaimmediately from the properties of the circle ; and 
those relative to a single focal line may be shewn to depend 
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upon the former by reference to the supplementary cone. 
Hence, we shall content ourselves with merely writing them 
alongside of the former. 

The right line polar to a plane, with relation to a cone, 
passes, as we have staged ^2,) through the centre of the sec* 
tion made in the cone by this plane or oy any other parallel to 
it. Hence, the polar of a cyclic plane is the right line which 
is the locus of the centres of the circular sections of the cone 
lying in planes parallel to this cyclic plane. 

We have seen that, to a cyclic plane and to its polar, corres« 
pond, in the supplementary cone, a focal line and its polar 
plane (14.) We shall call this polar plane the director plane 
of the cone, a name analogous to that of directrix in the conic 
sections. A cone has two director planes, but we must always 
be understood to refer to that whicn corresponds to the focal 
line which we are considering. 

34. Let us begin with two theorems, the second of which 
is remarkable for its analogy to the leading property of the 
directrices of the conic sections. 

In every cone of the second de- In every cone of the second de- 
gree the ratio of the sines of the gree the ratio of the sines of the 
angles made by each tangent plane angles which each side makes with 
with a cyclic plane and with the a focal line and with the director 
polar of this cyclic plane is constant, plane is constant. 

To prove the first of these two theorems, let us take a cone 
of the second degree and a secant plane parallel to one of its 
cyclic planes; the section of the cone will be circle, and the 
axis of the cone passing through the centre of this circle will 
be the polar of the cyclic plane. Let there be a tangent plane 
to the cone, and from the centre of the circle let us &op a per* 
pendicular on this plane; the sine of the angle made by this tan- 
gent plane with the plane of the circle is equal to this perpendi- 
cular divided by the radius of the circle ; the sine of the angle 
made by the tangent plane with the axis of the cone terminatingin 
the centre of the circle is equal to this same perpendicular divided 
by the length of this axis. From the form of these expres- 
sions for the sines of the two angles, it appears that their ratio 
is independent of the perpendicular, ana contains only the 
radius of the circle andthe distance of its centre from the ver- 
tex of the cone. Hence, this ratio is constant, whatever be 
the tangent plane to the cone : which proves the first of the 
two theorems above stated ; the second is deduced from it by 
reference to the supplementary cone. 

35. In what follows we shall still consider, as we have just 
done, a circular section of the cone, and we shall regard the 
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points and right lines lying in the plane of this section as the 
intersections of this plane, with rignt lines and planes passing 
through the vertex of the cone ; and, in order to apply to the 
cone 3ie various properties of the circle, in place of the right 
lines lying in the plane of this circle, we shall substitute, in 
the statement of our theorems, the traces upon the cyclic plane 
of the planes passing through these right lines and through 
the vertex of the cone. 

36. Thus, in order to transfer to the cone, this property of 
the circle, ^* a radius is perpendicular to the tangent passing 
through its extremity," we shall consider the tangent and 
the r^ius as being the traces of a tangent plane to the. cone 
and of a plane passm^ through the side of contact and through 
the polar of the cychc plane (since this polar passes through 
the centre of the circle ;) and we shall remark that these t^o 
traces are respectively parallel to the traces of the same two 
planes upon tne cyclic plane parallel to the plane of the cir- 
cle ; whence we have the first of the two following theorems, 
and, consequently, the second. 

If through a focal line of a cone 
of the second degree two vector 
planes be drawn> of idiich the first 
parses through any side of the cone, 
and the second through' the right 
line in which the plane touching the 
cone along that side meets the di- 
rector plane, these two vector planes 
will be at right angles. 

37. Two tangents to a circle make equal angles with the 
chord which joins the two points of contact. Hence we infer, 
in accordance with what has been said (35,) that 

Two tangent planes to a cone of 
the second degree and the plane of 
the two sides of contact intersect a 
cyclic plane in three right lines, the 
third of which bisects the angle be- 
tween the first two. 



• The tangent plane to a cone of 
the second degree, and the plane 
passing through the. side of contact 
and through the polar of a cyclic 
plane, meet this cyclic plane in two 
ri^ht lines which are at right angles 
with each other. 



If through a focal line of a cone 
of the second degree vector planes be 
drawn respectively passing through 
two sides of the cone and through 
the right line of intersection of the 
two planes touching the cone along 
these sides, the third vector plane 
will bisect the angle between the 
first two. 

38. Two tangents to a circle make equal angles with the 
right line which joins their point of concourse with the cen- 
tre of the circle. Hence we infer, that 

Two tangent planes to a cone of The vector planes passine through 

the second degree, and the plane a focal line of a cone of tne second 

passing through their right line of degree and through two sides make 

intersection and through the polar equal angles with the vector plane 



Digiti 



zed by Google 



20 



ON THE GENERAL PROPERTIES 



of a cyclic plane, meet that cyclic 
plane in three right lines, the third 
of which bisects the ai^le between 
the first two. 



paaring tfaroogfa the right line in 
which the plane of the two aides in- 
tersects the director plane. 



39. The right line drawn from the centre of a circle to the 
point of concourse of two tangents is perpendicular to the 
chord which joins the two points of contact, and passes through 
the middle of this chord. Let it be obsenred, that the middle 
point of a right line is the harmonic coningate to a point in 
this line lying at an infinite distance, and l£at the four ri^ht 
lines drawn from any point whatsoerer to four harmonic pomts 
form a harmonic pencil ; and we shall have the first of the two 
following theorems, audi, consequently, the second. 

The plane passing throngh the 
polar of a cycuc plane of a cone of 
the second degree and throngh the 
right line of intersection of two tan- 
gent planes to the cone, and the 
plane of the two ades of contact, meet 
the cyclic plane in two right Unes 
which are at right angles with each 
other; 

And the right lines, in which the 
the plane of tne two sides meets the 
CTcUc plane and the plane passing 
tnron^ its polar and through the 
right line of intersection of the two 
tangent planes, are harmonic conju- 
gates wiu relation to the two sides. 



41. When 
site angles are 
we infer, that 



Two vector planes passme throngh 
a focal Une of a cone of tne second 
degree will be at right angles, if one 
passes thronch the right line of in- 
tersection of two tangent planes to 
the cone, and the other throngh the 
right line in which the plane of the 
two sides of contact meets the direct 
tor plane; 

And the two planes drawn 
through the right line of inter- 
section of the two tangent planes, 
and passing, the first through the 
focal line, and the other through the 
right line in which the plane of the 
two sides meets the director plane, 
are harmonic conji^tes with rela- 
tion to the two tangent planes. 

If the right line of intersection of 
the two tangent plames he in the £^ 
rector plane, the olane of the two 
sides of contact wmpass through the 
focal line ; therefore. 

If a cone of tne second degree be 
cut by a transversal plane passing 
through a focal line, the planes 
touchmg the cone along the two 
sides lying in this plane will inter- 
sect on the director plane ; and the 
plane passing through the focal line 
and tlu*ou^h the right line of inter- 
section of the two tangent planes 
will be perpendicular to the trans- 
versal plane. 

a quadrilateral is inscribed in a circle two oppo- 
re always supplemental one to the other. Hence 



40. If the plane of the two sides 
passes through the polar of the cyclic 
plane, the right line of intersection of 
the two tangent planes will be in this 
cyclic plane; therefore. 

If tnrough a ri^ht line lying in 
the cyclic plane ofa cone of the se- 
cond degree two tangent planes be 
drawn to the cone, the plane of the 
two sides of contact will intersect 
the cyclic plane in a second right 
line which will be at right angles to 
the former. 
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When a tetrahedral angle is in- 
scribed in a cone of the second 
degree, the angle between the traces 
of two of its adjacent faces upon a 
cyclic plane of the cone is supple- 
mental to the angle contained by the 
traces upon the same cyclic plane of 
the two other faces. 



When a tetrahedral angle is cir- 
cumscribed about a cone of the 
second degree, the vector planes, 
passingr through a focal line and 
throu^ two adjacent edffes of the 
tetrahedral angle, contam an an- 
gle which is supplemental to the 
angle contained by the vector planes 
passing through the two other edges. 



42. All the angles whose vertices are upon the dreumfe- 
rence of a circle, and whose sides pass through the extremities 
of the same chord, are e(]ual (we mean the acute angle con- 
tained between the two sides, otherwise two angles would be 
supplemental one to the other, when their vertices were on 
opposite sides of the chord ;) if this chord pass through the 
centre of the circle all the angles are right* Hence we infer, 
that 



If through two fixed sides of a 
cone of the second degree, two 
planes be drawn, intersecSng along 
any third aide of the cone, the traces 
of these planes upon a cyclic plane 
will contain between them an angle 
of invariable magnitude. 



This angle will be rijght if the 
plane of the two fixed sides passes 
through the polar of the cyclic 
plane. 

43. The polar of a cyclic plane is 
in the plane of the lea^t section of 
the cone. Hence we infer from tne 
secandpart of the preceding theorem, 
that 



If through the two sides of a cone 
of the second degree lying in the 
plane of its least section two planes 
DC drawn intersecting along any side 
whatever of the cone, their traces 
upon one of the cyclic planes will be 
at right angles. 



Two fixed tangent planes being 
drawn to a cone of the second de- 
gree, and also any third tangent 
plane whatever, the vector planes 
passing through a focal line and 
throu^ the two right lines in which 
the two fixed planes are intersected 
by the third tangent plane will con- 
tain between them an angle of inva- 
riable magnitude, whatever be this 
third tangent plane. 

This angle will be right if the 
right line of intersection of the two 
fixed tangent planes be in the direc- 
tor plane corresponding to the focal 
line. 

The director plane passes through 
the minor axis of the cone ; the two 
planes touching the cone along the 
sides lying in the plane of the great- 
est section also pass through me mi- 
nor axis; they therefore intersect 
upon the director plane. Hence we 
infer from the second part of the 
preceding theorem^ that 

Every tangent plane to a cone of 
the second degree intersects the 
two tangent planes that are perpen- 
dicular to the plane of the greatest 
section in two right lines such that 
the vector planes, passing through 
a focal line and through these two 
right lines, are at right angles to 
each other. 
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44. From tke two tl^eorems (42,) the following imme- 
diately result : 

If in a cyclic plane of a cone of If round a focal line of a cone of 

the second degree, an angle of in- the second degree, as an edge, a 

variable magnitude, and having the dihedral angle of invariable maffni- 

same vertex with the cone, be made tude be made to torn ; and if 

to turn ; the plane passing through through the right line in which one 

one side of die angle, and through of its faces meets a fixed tangent 

a fixed side of the cone, will pass plane to the cone a second tangent 

through a second side; and the plane to the cone he drawn, this 

plane determined by this second second plane will meet the second 

side of the cone and by the second face of the dihedral angle in a right 

side of the moveable angle will turn line which will always be in the 

round a fixed side of the cone. same tangent plane to the cone. 

45. If, from the vertex of a cone, a perpendicular be let 
fall upon the plane of a circular section of the cone, and two 
parallel tangents be drawn to this circle, the sum of the distances 
of the foot of the perpendicular from the two tangents, will be 
constant and equal to the diameter of the circle ; but, these 
distances may be taken as the trigonometric tangents of the 
angles^ which the two tangent planes to the cone, passing 
through the two tangents to the circle, make with tne per- 
dicular let fall from the vertex of the cone, and these tngo* 
nometric tangents are equal to the reciprocals of the trigo- 
nometric tangents of the angles which the two tangent 
planes make with the plane of the circle, or with the cyclic 
plane to which the plane of the circle is parallel ; hence we 
infer, that 

If, through a right line lying in Every plane passing through a 
a cyclic plane of a cone of the focal line of a cone of the second 
second degree^ two tangent planes degree cuts the cone alon^ two 
be drawn to tlie cone, the sum of sides such that the sum of the re- 
the reciprocals of the trigonometric ciprocals of the trigonometric tan- 
tangents of the angles which they gents of the angles which they make 
make with the cyclic plane will be with this focal line is constant, 
constant. 



SECTION IV. 

GEOMETRIC LOCI RELATING TO THE CYCLIC PLANES, AND TO 
THE FOCAL LINES OF CONBS OF THE SECOND DEGREE. 

46. If the sides of an angle of invariable magnitude, con- 
tained in a given plane, turn round two fixed points, its 
vertex generates an arc of a circle ; hence we infer, that 

If round two fixed right lines Being given two fixed planes and 
which intersect^ two planes be made a right line passing through a point 
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to tarn, so that their traces upon 
a fixed plane passing through the 
point of intersection of the two right 
lines may contain an angle of invaria- 
ble magnitudeythe intersection of the 
two moveable planes will generate a 
cone of the second degree^ which will 
have the fixed plane for one of its 
cyclic planesy and which will pass 
through the two fixed right lines. 



in their intersection, if round this 
right line two planes be made to 
turn, containing between them an 
angle of invariable magnitude, the 
two right lines in which these planes 
will respectivelv intersect the two 
fixed planes will determine a move- 
able plane, which will envelope a 
cone of the second degree, in wnich 
the fixed right line will be a focal 
line, and which will touch the two 
fixed planes. 

It is scarcely necessary to mention, that, as upon a given 
right line, two arcs of circles can be described capawe of 
containing the same angle; so, in each of these two propo- 
sitions, there are two cones perfectly equal. 

We might have deduced these two propositions directly 
from the two theorems (42.) 

47. The vertex of an angle of invariable magnitude, whose 
sides touch a circle, generates a second circle ; and the chord 
which joins the point of contact of the two sides, envelopes a 
third circle; these three circles are concentric; whence we 
infer, that 



If two tangent planes to a cone of 
the second degree move in such a 
way that their traces upon a cyclic 
pla^e contain between them an angle 
of invariable magnitude, the inter- 
section of these two planes will 
generate a second cone of the 
second d^ree. 

The plane of the two sides of 
contact of the two tangent planes will 
envelope a third cone of the second 
degree. 

The cyclic plane in questionwill be 
a cyclic plane of the two new cones, 
and this plane will have the same 
polar in the three cones. 



If a dihedral angle of invariable 
magnitude turn round a focal line 
of a cone of the second degree, as 
an edge, the plane of the two sides 
along which its faces will meet the 
cone will eif\relope a second cone of 
the second degree. 

The planes touching the given 
cone along these two sides will in- 
tersect upon a third cone of the 
second degree. 

The focal line, round which the 
dihedral angle turns, will be a focal 
line of the two new cones ; and the 
corresponding director plane will be 
the same in the three cones. 



48. If an angle of invariable ma^tude turn round its 
vertex, which lies upon the circumference of a circle, the 
chord intercepted between its sides will always be a tajjgent 
to another circle concentric with the former ; therefore, 



If round a side of a cone of the 
second degree two planes be made 
to turn, whose traces upon a cyclic 
plane contain between them an 
angle of invariable magnitude, the 



If round a focal line of a cone of 
the second degree a dihedral angle 
of invariable magnitude be made to 
turn, and if through the right lines 
in which the faces of this angle meet 
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plane of the two sides along which 
these two planes meet the cone will 
envelope a second cone of the second 
degree, which will have the same 
cyclic plane with the given one ; 
and this plane will have the same 
polar in tne two cones. 



a fixed plane touching the cone two 
other tangent planes to the cone 
be drawn^ their right line of inter- 
section will generate a second cone 
of the second degree, in which the 
edge of the dihedral angle will be a 
focal lincy and the corresponding 
director plane will be the same in 
the two cones. 



49. Let us take a cone of the second degree, and cut it by 
any plane whatsoever, the curve of intersection will be a 
conic section ; and it is known, that the vertices of all the 
ri^ht angles, circumscribed about this curve, are upon a circle 
which has the same centre with it ; whence we infer, that 



If two tangent planes be drawn 
to a cone of the second degree, so 
that their traces upon a fixed plane 
may contain between them a right 
angle, the intersection of these two 
planes will generate a second cone 
of the second degree, one of whose 
cyclic planes wiU be parallel to the 
fixed plane. 

This plane will have the same 
polar in the two cones. 



If two rectangular planes turn 
round a fixed right Ime passing 
through the vertex of a cone of the 
second degree, the sides along which 
these two planes cut the cone, taken 
two by two, will determine four 
planes which will envelope a second 
cone of the second degree, in which 
the fixed right line will be a focal 
line. 

This right line will have the same 
polar plane with relation to the 
two cones. 



50. If the fixed j)lane, in the former of these two theo- 
rems, be one of the three rectangular conjugate planes of 
the given cone, the second cone will evidently be one of 
revolution round the axis perpendicular to this plane ; there- 
fore, 



If two tangent planes be made to 
revolve round a cone of the second 
degree, so that their traces upon 
one of the three rectangular conju- 

fate planes of the cone shall always 
e at right angles, the intersection 
of these two planes will generate a 
cone of revolution round the axis 
perpendicular to that plane. 



If round one of the three rectan- 
gular conjuffate axes of a cone of 
the second degree two rectangular 
planes be made to turn, the sides 
along which these two planes will 
intersect the cone, taken two by two, 
will determine four pianes which 
will envelope a cone of revolution 
round that axis. 



51, It is known, that if the vertex of an angle of invariable 
magnitude traverse a right line, whilst one of its sides turns 
round a fixed point, its other side envelopes a parabola touch- 
ing the right line traversed by the vertex of the angle. This 
proposition will help us in the proof of the following theo- 



rems: 
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If the faces of a variable dihedral . Two fixed planes being drawn so 

angle inscribed in a cone of the se- as to touch a cone of the second 

oond degree turn round two fixed degree^ a third moveable tangent 

sides of the cone, the plane determin- plane will intersect them in two 

ed by the two right lines in which right lines, and the planes respec- 

these faces intersect the two cj- tivelj passing through these two 

cUo planes of the cone will enve- right Irnes^ and through the two 

lope a second cone of the second focal lines of the cone, will intersect 

degree touching these two cyclic in a right line, which will generate 

planes. a cone of the second degree passing 

• through these two focal lines. 

It is sufiScient to prove the first of these two theorems, 
since the second may oe deduced from it by reference to the 
supplementary cone. "* 

JLet us draw a transversal plane parallel to a cyclic plane of 
the given cone ; this plane will intersect the cone in a circle, 
the second cyclic plane in a right line d, and the faces of the 
dihedral angle in two right lines, l, l^ which will pass through 
two fixed points in the circle, and wUl intersect in any third 
point of this circle ; the plane, of which we seek the enveloping 
surface, will be cut by the transversal plane in a right Une 
which will pass through the two points in which the two right 
lines, L, l', respectively meet tne traces of the two cyclic 
planes upon the transversal plane ; one of these traces is the 
right line d, the other is at an infinite distance. If, there- 
fore, through the point in which the right line l meets the 
right line d, we draw a right line parallel to the right line l', 
this parallel will be the trace of the plane whose enveloping 
surface we are seeking. Now, this trace envelopes a para- 
bola ; for it makes with the right line l an angle which is of 
invariable magnitude, as being equal to the angle between the 
two right lines, l, l' ; the vertex of this angle moves along 
the fixed right line d ; its side l turns round a fixed point in 
the circle; therefore, its second side envelopes a parabola 
touching the right Ime d ; which proves that the moveable 
plane envelopes a cone of the second degree touching the 
cyclic plane, which intersects the transversal plane in the right 
Ime d. In like manner it may be proved that this cone will 
touch the second cyclic plane; the theorem is therefore 
proved. 

52. If, round two fixed right If, round a point assumed in the in- 

lines which meet another, two rec- tersection of two fixed planes, aright 

tangular planes be made to turn, angle be made to turn, whose sides 

their intersection will generate a move in the two fixed planes, the 

cone of the second degree, which plane of this angle will envelope a 

will pass throuffh the two fixed cone of the second degree, which 

right hues, and whose cyclic planes will touch the two fixed planes, and 

wul be perpendicular to these two whose focal lines will be perpendicu- 

right lines. lar to these two planes. 
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PcTt Ui iM dr€K» lArMtf A the wr- 
tea of the ma9eaM€ angle a rigki 
Une verpmuHekUar to one of the two 
jfixeaptemes ; it wUl he perfefuUeu- 
ktr to the ekk of the angle which 
moeee tn thie pume; the plane de- 
termined hy thi right line and hy the 
other eide, wiU, thereforot be perpen- 
d&eukar to the former eides whence 
,it foUowe, that the planes paeetng 
through the right line and through 
the two eides of the angle wiU be 
rectangular, ^w^we have seen that, 
when two rectangular planes turn 
round a fixed rwht me, the two 
right lines, tn which they intersect 
two fixed planes passing through a 
point in thu right linct are in a plane 
which envelopes a cone of the second 
degree, in which the fixed right line 
is a focal line (46, second column ;) 
which proves the theorem. 

It would have been sufficient to prove one of these two 
theorems, since either might be deduced from the other by 
reference to the supplementary cone. 



For, when two planes are rectanr 
gular, every plane perpendimdar to 
one of them intersects them in two 
riftht Unes which are at right an- 
gles to each others therefore, a 
transversal plane perpendicular to 
one of the two fixed right lines in- 
tersects the two moveable planes in 
two right lines which are at right 
angles to each other ; now, these two 
right lines pass through the two fixed 
points in which the transversal plane 
meets the twofixedright lines; their 
point of intersection will, therefore, 
generate a circle which passes through 
these two points, ana along whteh 
moves the right line of intersection 
of the two moveable planes ; which 
proves the theorem. 



68. If, round a fixed point» aright 
line be made to turn, which makesi 
with two fixed planes, angles, the 
product of whose sines is constant, 
this right Une will generate a cone of 
the second degree whose two cyclic 
planes will be parallel to the two 
given planes. 



If, roond a fixedpoint, a plane be 
made to turn, which makes, with 
two given right lines, angles, the 
product of whose sines is constant, 
this plane will envelope a cone of 
the second deffree whose focal lines 
will be parallel to the two given right 
lines* 



These two propositions are evidently the converses of the 
two theorems (20.) 

It is sufficient to prove the first. 

For this purpose, let us take o as the fixed point ; M^ m^ as 
the points in which a side of the cone generated by the moving 
right line meets the two fixed planes ; and p, p^ as the feet of 
the pjerpendiculars let fall from the point o upon these planes; 
the sines of the angles which this side makes with these planes 
are respectively equal to ^, ^ ; the product of these two ratios 
ought therefore to be constant. Now, the numerators are con* 
8tant| whatever side of the cone we consider; therefore, the rect- 
angle under the two lines, om, cm, is constant ; which proves 
that the point m being upon a plane, the point tn is necessarily 
upon a sphere, (Note at the end of the Memoir ;) this point tn 
lies, therefore, on the intersection of the second given plane 
and this sphere. Hence, the cone generated by me moving 
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li^ht line k cat in dreular sections by the two fixed planes ; 
which proves the theorem. 

54. A plane and a right line being A right line and a plane b^g 
giyen» if round their point of inter- given, if round their point of inter- 
section we conceive a plane to turn section we conceive a right line to 
which makesy with the given j^lane turn which makes, with the given 
and right line, angles, uie ratio of right line and plane, angles, the 
whose nnes is constant, this plane ratio of whose smes is constant, 
will envelope a cone of the second this right line will generate a cone 
degree, which will have the given of the second degree, in which the 
plsAe for one of its cyclic planes ; given right line will be a focal line, 
and the given right line will be the and the ffiven plane will be the di- 
polar of this cymic plane with rela- rector j^ane corresponding to that 
tion to the cone. focal fine. 

These two propositions are the converses of the two theo- 
rems (34.) 

It is sufficient to prove the first. 

For this purpose, let us draw a transversal plane parallel to 
the given plane ; it will meet the ^ven right line in a point a, 
and the moveable plane in a ri^ht line d. 

TThe sine of the angle which this moveable plane makes 
with the fixed right line is equal to the perpendicular let fidl 
from the point a upon the moveable plane divided by ao 
(o being the point of intersection of the given plane and 
right line, round which the moveable plane turns ;) the sine of 
the angle which this moveable plane makes with the transver- 
sal plane is equal to the same perpendicular divided by the 
distance of the point a from the ri^ht line d. The ratio of 
the two sines is therefore equal to this distance of the point 
A from the right line d, divided by the distance oa ; this 
ratio is constant by hypothesis ; the distance oa is likewise 
constant; consequently, the distance of the point a firom 
the right line D is constant ; thus, the trace of the move- 
able plane upon the transversal plane is always at the same 
distance from the point a ; which proves that this trace enve- 
lopes a circle whose centre is at tne point a ; the cone enve- 
loping the moveable plane is therefore one of the second de- 
gree, having a cyclic plane parallel to the transversal plane, 
and the right line oa is the polar of this cyclic plane ; which 
proves the theorem. 

55. In the second of the two preceding theorems it is to be 
observed, that if from a point in the moveable right line per- 
pendiculars be let fall on the ^ven right line and plane, the 
ratio of these perpendiculars will be the same as the ratio of 
the sines of the angles which the moveable right line makes 
with the given right line and plane. We have, therefore, the 
following theorem : 
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The geometric locus of a point whose distances from a fixed 
right line and plane are in a given ratio, is a cone of the se- 
cond degree, which has the given right line and plane/or a 
fi)cal line and its corresponding director plane. 

If the ratio of the distances be one of equality, we infer 
that 

The surfiice, in which every point is equidistant from a 
given right line and plane, is a cone of the second degree, 
having the given right line and plane fi)r a fi)cal line and its 
corresponding director plane, 

M, Hachette has employed this theorem in the descriptive 
solution of the question : ^^ to find the centre of a sphere 
touching a plane and circiunscribed about a hyperboloid of 
revolution." (See M. Quetelet's Correspondance Mathe- 
matique et Physique, Vol. IV. p. 285.) As M. Hachette's 
proof is extremely simple, we subjoin it. 

Let a transversal plane be drawn parallel to the given plane, 
and let a right circular cylinder be described, having for its 
axis the given right line, and for its radius the distance of the 
transversal plane from the given plane. The transversal plane 
intersects tne cylinder in an ellipse, every point of which is 
equidistant from the given right line and plane. Hence we 
perceive, that on the cone whose base is this ellipse, and whose 
vertex is the point of concourse of the given right line and 
plane, every point is equidistant from this right line and 
plane. 

SECTION V. 

PROBLEMS RELATING TO THE CYCLIC PLANES AND TO THE 
FOCAL LINES OF CONES OF THE SECOND DEGREE; AND 
GENERAL PROPERTIES OF TRIHEDRAL AND TETRAHEDRAL 
ANGLES. 

56. When the vertex and a cyclic plane of a cone of the 
second decree are given, only three other conditions are re- 
quired to determine this cone. 

For, if a transversal plane be drawn parallel to the given 
cyclic plane, this plane will intersect the cone in a circle, which 
it will DC necessary to determine. For this purpose we require 
three conditions. Hence, the modes of describing a circle 
subject to three given conditions, will become applicable to 
the analogous questions relating to a cone of the second de- 
gree, of which we have the vertex and one cyclic plane given. 

By reference to the supplementary cone, it appears that the 
vertex and a focal^ line of a cone of the second^degree being 
given, we require three other conditions to determine this 
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cone ; and the modes of constructioD, will correspond to those 
relating to the analogous questions on cones of the second de- 
gree, of which the vertex and a cyclic plane are given. 

57. The centre of a circle which passes through two given 
points is upon the perpjendicular erected at the middle pomt of 
the right line connecting the two points. Hence, in accor- 
dance with what has been already said (39) we deduce the 
two following theorems : 



If a cyclic plane and two sides of a 
cone of the second degree be given, 
the polar of this cyclic plane is upon 
a plane determined by the two fol- 
lowing conditions : 



1. Its trace upon the plane of 
the two sides must be the harmonic 
conjugate, with relation to the two 
sides, of the right line in which the 
plane of these two sides intersects 
the cyclic plane. 



If a focal line and two tangent 
planes of a cone of the second de- 
gree be g^ven, the director plane 
corresponding to this focal line, 
will pass through a right line which 
is the intersection of the two fol- 
lowing planes : 

1. The plane which passes through 
the intersection of the two given 
tangent planes, and is the harmonic 
conjugate, with relation to these two 
planes, of the plane passing through 
this intersection and through the 
focal line. 

2. The plane passing through 
this focal line at right angles with 
this latter plane. 



2. Its trace upon the cyclic plane 
must be perpendicular to this right 
line of intersection. 

58. The centre of a circle touching two right lines is upon 
the right line which bisects the angle or the supplement of the 
angle between them. Hence we infer, that 

If a cyclic plane and two taneent If a focal line and two sides of a 
planes of a cone of the second de- cone of the second degree be given. 



gree be given, the polar of this cy 
clic plane lies in the plane which 
passes through the intersection of 
the two tangent planes, and whose 
trace upon me cyclic plane bisects 
the angle or the supplement of the 
angle between the traces of the 
two tangent planes upon this cyclic 
plane. 

59. Problem, — Given three sides 
and a cyclic plane of a cone of the se- 
cond degree, to determine the polar 
of this cyclic plane. 



the director plane correspondmg to 
this focal line passes through the right 
line in which the plane of the two 
sides meets the vector plane bisect- 
ing the angle or the supplement of 
the angle between the two vector 
planes passing through the focal 
line and through the two sides. 

Problem. — Given three tangent 
planes and a focal line of a cone of 
the second degree, to determine the 
director plane corresponding to this 
focal line. 



The solutions of these two problems are evidently furnished 
by the two theorems (57 ;) it is, therefore, unnecessary to 
give them. 

Problem, — Given three tangent Problem, — Given three sides and a 
planes and a cyclic plane of a cone focal line of a cone of the second 
of the second degree, to determine degree, to determine the director 
the polar of that cyclic plane. plane of the cone corresponding to 

that focal line. 
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The solutiong of these two problems are evidently furnished 
hy the two theorems (58 ;) it is, therefore, unnecessary for us to 
give them. But it ought to be remarked, that just as the 
problem of describing a circle touching three given riffht lines 
has four solutions, so each of these two problems will likewise 
admit of four solutions. 

61. From what has been said it is plain, that the solution 
of this question, '^ to describe a circle touching three circles 
lyinjg in the same plane," fiirnishes immediate^ the solutions 
of the two following problems : 

Problem. — Given three cones of 
the second degree, having the same 
vertex and a common cyclic plane, 
to describe a fourth cone of the 
second degree, touching these three 
cones, and having the same cyclic 
plane with them. 



IVo&2^.~GiTea three cones of 
the second degree, having the same 
vertex and the same focal line, to 
determine a fourth cone of the se- 
cond degree touching these three 
cones, and having the same focal 
line with them. 



Each of these problems, generally speaking, admits of dght 
solutions. The given cones may become planes or right lines, in 
the same way as we have shewn, (Annales de Matbematiques 
de M. Gergonne,) that, in the construction of a circle touching 
three given circles, these latter may become right lines or 
points. 



62. We have seen (59,) that when toe 
have a trihedral angle and a plane 
passing through its vertex, this plane 
may he considered as the cyclic plane 
of a cone of the second degree, three 
of whose generatrices are the three 
edges of the trihedral angle ; con- 
sequently ^ we infer from theorem 22, 
that 

\iy being given a trihedral an^le 
and a transversal plane passmg 
through its vertex, we draw in each 
face of this an^le a right line through 
the vertex^ which makes, with one 
of the two edges lying in this face, 
an angle equal to that contained be- 
tween the other edge and the trace 
of the transversal plane upon this 
face, the three nght lines thus 
drawn in the three faces are in the 
same plane. 

This plane and the given trans- 
versal plane are the cyclic planes 
of a cone of the second degree, 
circumscribed about the trihedral 
angle. 



We have seen (59,) that when we 
have a trihedral angle and a right 
line passing through its vertex, this 
right line may he considered as the 
focal line of a cone of the second 
degree touching the three faces of 
the trihedral angle ; consequently, 
we infer from theorem 22, that 

If, being given a' trihedral an^le 
and a right line passing through its 
vertex, we draw through each ed^ 
of this trihedral angle a plane, min- 
ing, with one of the two faces ad- 
jacent to this edge, an angle equal 
to that which the other face miutes 
with the plane determined by the 
same edge and by the given right 
line, the three planes thus drawn 
pass through the same right line. 

This right line and the eiven right 
line are the focal lines of a cone of 
the second degree inscribed in the 
trihedral angle. 
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63. TkisiheoremleaditothesoiU' 
tion of th€ following problem : 

Problem, — Given tnree sides and 
cyclic plane of a cone of the second 
degree, to determine the second cy- 
clic plane of this cone. 



This theorem leads to the sobtOon 
of the following problem : 

Problem.^^GiyQTi three tangent 

S lanes and a focal line of a cone of 
le second deffree, to determine the 
second focal line of this cone. 



64. Theorems (28) give rise to the two following : 



Aright line being drawn through 
the vertex of a trihedral angle, if it 
be projected orthogonally upon the 
three nces of the angle, and through 
the three projections a cone be 
made to pa8S> one of whose cyclic 
planes is perpendicular to the given 
right line, this cone will intersect 
the three faces of the trihedral an- 
gle in three new right lines, and the 
planes passing through these riffht 
fines and respectively perpendicular 
to the three faces will intersect in 
the same right line, which wiU be 
perpendicular to the second cycUc 
plane of the cone. 



A plane being drawn through the 
vertex of a tnhedral an^le, if in 
this plane we draw three right lines 
passmg through the vertex, and re- 
spectively perpendicular to the three 
edges of ihe angle, each edge and 
its perpendicular will determine a 
plane ; if a cone of the second 
degree be described touching the 
three planes thus determined, and 
having for a focal line the nerpen- 
dicular to the given plane, tnrough 
the edges of the trihedral angle 
three new tangent planes to the cone 
may be drawn, and the right lines 
drawn in these planes respectively 
perpendicular to the three edges* 
will all three be in a new plane per- 
pendicular to the second focal line 
of the cone. 



66. Theorem (30) leads to the following : 

Iffr(ym any point perpendiculars be let fall upon the three 
faces qfa trihedral angle^ and through each edge of the angle 
a plane be drawn perpendicular to the right line joining the 
feet of the perpendiculars upon the two faces adjacent to this 
edgcy the three planes thus drawn urill intersect in the same 
right line. 

66. Theorems (31) lead to the following : 

A right line being drawn through 
the vertex of a trihedral angle, its 
orthogonal projections on the faces 
of this angle will be the edges of a 
second ^b^edral angle ; the planes, 
passing through the edges of the 
first angle, and respectively perpen- 
dicular to &e faces of the second* 
will pass through the same right 
line. 



A plane being drawn through 
the vertex of a trihedral angle, 
three ri^ht lines drawn in this puine 
perpendicular to the three edges of 
the an^le will respectively deter- 
mine with these edges three planes 
forming a second trihedral angle ; 
the three right lines drawn in the 
faces of the first angle, and respec- 
tively perpendicular to the three 
edges of the second, will all three 
be in the same plane. 



67. It is known that the circle circumscribed about a tri- 
angle, whose three sides touch a parabola, passes through the 
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focus of that curve. (Traite des Proprietes Piojectives de M. 
Poncelet, p. 268.) Hence we infer the first, and conse- 
quently, the second, of the two following theorems : 



If about a cone of the second de- 
gree several trihedral angles be 
circumscribed, and as many cones of 
the second degree be respectively 
circumscribed about these trihedral 
angles, having all of them a plane 
touching the given cone for their 
common cychc plane, all these 
cones will pass through a common 
generatrix. 

68. JF^om what precedes toe infer 
by means of theorem 28, second 
column, that 

A cone of the second degree being 
given, if any trihedral angle be cir- 
cimiscribed about it, and in a fixed 
plane touching the cone three right 
fines be taken making right an- 
gles with the three e<^es of the 
trihedral angle, and if we further 
conceive a cone touchine the planes 
of these three angles and having for 
its focal line the perpendicular to 
the fixed tanflrent plane, this new 
cone will touch a fixed plane, what- 
ever be the trihedral angle circum- 
scribed about the given cone. 



If in a cone of the second decree 
several trihedr^ angles be inscribed, 
and as many cones of the second 
d^ree be respectively inscribed in 
these trihedral angles, having all 
of them a side of the given cone for 
their common focal Ime, all these 
cones will touch the same plane. 



From what precedes we infer by 
means of theorem 28, first column, 
that 

A cone of the second degree be- 
ing given, if any trihedral angle be 
inscribed in it, and through a fixed 
side of the cone three planes be 
drawn respectively perpendicular to 
the faces of this angle, and if we 
further conceive a cone of the se- 
cond degree to be described pass- 
ing through their three right lines 
of intersection with these faces, and 
having one of its cyclic planes per- 
pendicular to the fixed side of the 
given cone, this new cone will pass 
through a fixed right line, whatever 
be the trihedral angle inscribed in 
the given cone. 



69. These two theorems lead to the two following proper- 
ties of tetrahedral angles : 



If a tetrahedral angle be given, 
and also, a fixed plane passing 
through its vertex, the planes of the 
four faces of the tetrahedral angle, 
taken three by three, will form four 
trihedral angles: now, if in the 
given plane riffht lines be taken maJk- 
mg right angles with the edges of 
these trihedral angles, and a cone 
of the second degree be described, 
touching the planes of the three right 
angles corresponding to each trme- 
dral angle, and having one of its fo- 
cal lines perpendicular to the given 
plane, the four cones thus determined 
will all touch the same plane. 



If a tetrahedral angle be given, 
and also, a fixed right line passing 
through its vertex, the four edges 
of this angle, taken three by three, 
will determine four trihedral angles : 
now, if through the given right line 
planes be drawn perpendicular to 
the faces of each of these trihedral 
angles, and through the right fines 
of mtersection of these, planea with 
these faces a cone of the second de- 
gree be described, having one of its 
cyclic planes perpendicular to the 
given right line, tne four cones thus 
aetermined will pass .through a com- 
mon generatrix. 
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SECTION VL 



ORGANIC DESCRIPTION OF CONES OF THE SECOND DEGREE. 

70. The organic description of the conic sections given 
by Newton^ is founded upon the following theorem : 

If any two constant angles turn round two fixed points as 
vertices, so that two of their sides intersect upon a given right 
line, the point of intersection of their two other sides will 

Senerate a conic section, which will pass, through the two 
xed points. (See Universal Arithmetic, Vol. i. ; and Prin- 
cipia Mathematica, Lib. i, Lemma 21.) 

This construction of the conic sections by points, is jgeneral. 

The cones of the second degree admit of a similar con- 
struction, by which their sides are determined ; and also of 
another analogous construction by which their tangent planes 
may be determined. 

These two modes of describing the cones of the second 
degree are included in the two following theorems : 



71. If any two dihedral angles of 
iDTariable magnitude whose edges 
are fixed and meet one another, turn 
round these edges so that two of 
their faces intersect on a fixed plane 
passing through the point of mter- 
section of the two edges, the inter- 
section of their two ower faces will 
generate a cone of the second de- 
gree which will pass through the 
two fixed edges. 



For let us conceive a cone of the 
second degree, whose focal lines are 
the edges of the two moveable dihe- 
dral angles, and which touches the 
gived fixed plane. 

The two first faces of the two di- 
hedral angles intersect upon this 
plane, by hypothesis ; through their 
right line of intersection, let us draw 
a plane m, touching the cone ; this 
plane meets the second face of the 
first angle in a right line which ge- 
nerates a plane v, touching the cone. 
(44, second column.) 

In lihe manner, the plane m meets 
the second face of the second angle 
in a right line which generates ano- 
ther phne v, touching the cone. 



Ifany two plane angles of invaria- 
ble magnitude have tor their com- 
mon vertex a fixed point roimd which 
they turn in two given planes, in 
such a manner that the plane deter- 
mined by two of their sides turns 
round a fixed right line passing 
through their common vertex, the 
plane determined by their two other 
sides will envelope a cone of the 
second degree, which will touch the 
two planes in which the two angles 
respectively move. 

Por let us conceive a com of the 
second degree, whose cyclic planes are 
the two planes in which tne two an- 
gles move, and which passes through 
the faced right line. 

The plane which contains the two 
first sides of the two angles turns 
round this right line, and cuts the 
cone along another side m ; the 
plane determined by this side and by 
the second side of the first angie 
turns round fixed side of the cone 
p. (44, first column.) 

In lihe manner, the plane deter, 
mined by the side m and by the 
second side of the second angle tum^ 
round another fixed side of the cone p'. 
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Hence the two secomd faces of the 
two dihedral tmgles meet amy fiUme 
M towihing the come m fioo ri^gr^ 
lines contamed in two fxed^ames p, 
v', touching this cone ; but these two 
faces reqZdivel^ pass through the 
two edges of the dihedral aisles 
which are the foealUnes of the cone; 
therefore, their right Une of tnter- 
section generates a cone of the se- 
condd^ecj passing through these 
two fix^ edges. (51, second colunuL) 

Q. E. D. 



Hence the two second sides of the 
two angles are respecthoehf tm fioo 
planes which turn round two fixed 
sides of the cone r, v', and which 
intersect upon another indefinite side 
M ; but these two sides are remec- 
ticely in the two ctfdic planes of the 
come ; therefore, their plane unll en- 
velope a cone of the second degree, 
touching these two c^dic planes. (51» 
first cohmm.) q. s. d. 



It would have been suffident to demonstrate one of these 
two theorems, since the other might have been deduced from 
it by reference to the supplementary cone. 

The first part of our proof of the first theorem is analogous 
to the method whidi M. Poncelet has em|)loyed in jproving 
the theorem of Newton. (Traite des Proprietes Projectives, 
p. 274.) It is satisfactory to make this comparison, since it 
furnishes an example of the advantages attending die modes 
of proof adopted m that learned work, when applied to 
questions in tne geometry of three dimensions as well as to 
tnose of plane geometry. 



72. Problem. — Given five sides of 
a cone of the second de^ee, to de» 
termine all the other sides of the 
cone hj the movement of two dihe- 
dral angles round their edges. 

Let A, 3, c, B, E, he the Jive given 
sides : let us take the first two a, b, 
as the edges of the two moveable di- 
hedral angles, and conceive that when 
two faces of these angles timulta- 
neously coincide with the plane of the 
two sides A, B, their two other faces 
intersect cdong the third side c ; so 
that these two angles are perfectly 
determined. 

Now let them be turned round 
their edges a, b, so that their two 
faces, which before passed through 
the side c, may intersect along the 
fourth side d, and again along the 
fifth side E ; their two first faces 
which originally coincided with the 
plane of the two edges a, b, will 
successively intersect in two right 
Unes dV e'. 

Let the right line of intersection 



Problem. — Given five taiu;ent 
planes to a cone of ihe second de- 
gree^ to determine all the other taop 
gent planes hj the movement of two 
angles in tfaenr reqpeetive planes. 

Let A, B, c, B, E, be thefinegioen 
planes: let us tahe the first two a, b, 
as the planes of the two moveable 
angles ; the third plane c, wiU inter' 
sect them in two right Hues which 
uriU make two angles with the right 
Une of intersectum with these two 
planes; these will be the two movea- 
ble angles. 

Now let them be turned romd 
their common vertex in their respec- 
tive planes a, b, so that their two 
sides, which before were contained m 
the plane c, may lie m the pltsne d, 
ana again in tne plane s i their two 
first sides which originally coincided 
with the right line of intersection of 
the two planes a, b, wiU successive^f 
determine two planes n', s'. 

Let the plane of the same two 
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of the same two faces traverse the sides turn round the right line of 

plane determined by the two right intersection of these two planes d\ e\ 

lines Hi'y e', the right line ofinterseC' the plane of the two other sides of 

tion of the two other faces will gene- the two moveable angles will assume 

rate the required cone ; as appears aU the positions of the planes touch' 

from the preceding theorem. tag the required cone; as appears 

from the preceding theorem, 

SECTION VII. 

PROPERTIES OF HTPERBOLOIDS DEDUCED FROM THOSE OF 
CONES OF THE SECOND DEGREE. 

73. It is known that a hyperboloid, whether of one or of 
two sheets, and its asymptotic cone have the same systems of 
conjugate diameters. Now, we have proved that in every 
cone of the second degree there are two axes such that two 
conjugate planes passing through either of them, are always 
at rignt angles (14) ; it follows, therefore, that 

In every hyperboloidy whether of one or of two sheets^ there 
are two diameters such that two conjugate planes parsing 
through either of them are always at right angles (a). 

These two diameters are the focal Imes of the asymptotic 
cone of the hyperboloid. 

74. These right lines lie within the cone; consequently 
they meet the hyperboloid if it be one of two sheets, and do 
not meet it if it be of one sheet. About a hyperboloid of one 
sheet, two cylinders might therefore be circumscribed, having 
their generatrices parallel to the two right lines in question. 

Two planes passing through either of these right lines, and 
mutually conjugate with relation to the hyperboloid, will 
also be conjugate with relation to the dbrcumscribed cylinder, 
whose generatrices are parallel to this right line. A trans- 
versal plane perpendicular to this right line will cut the 
cylinder in a come section, and will intersect the two conju- 
gate planes along two conjugate diameters of that curve ; 
now these two diameters will be at right angles ; the conic 
section will therefore be a circle ; whence we infer, that 

About every hyperboloid qf one sheet two cylinders may 
be circumscribed^ whose bases upon planes perpendicular to 
their generatrices are circles (b). 

(a) There are two similar right lines in the ellipsoid ; as we shall show 
hereafter^ when proving a more general property of the surfaces of the 
second degree. 

(5) This equally applies to the ellipsoid. 
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The^ aae$ of these cylinders are the Jbcal lines of the 
asymptotic cone of the hyperboloid. 

75. These cylinders possess two characteristic properties 
which are easily deduced from two properties of cones of the 
second degree. For it is well known that the sides of the 
asymptotic cone of a hvperboloid of one sheet are parallel to 
the generatrices of the nyperboldd ; we infer, therefore, from 
theorem (34,) second colmnn, in consequence of what has 
been just stated, that. 

In every hyperbokrid of one sheet, the ratio of the sines of 
the angles made by each generatrix with the axis of either 
of the two circumscribed right circular cylinders, and with 
the diametral plane conjugate to that axis, is constant* 

76. Theorem (24,) second column, leads to the following : 
In every hyperbokrid of one sheet, the sum or the difference 

of the angles made by each generatrix with the two axes of 
the circumscribed right circular cylinders, is constant. 

77. The properties of the cones of the second degree lead 
also to two theorems relative to the subcontrary sections of 
the hyperboloid of one sheet. 

For every transversal jplane intersects a hyperboloid, and its 
asymptotic cone in two smiilar, and similarly placed conic sec- 
tions* This may be easily shown, for where two surfisuses of the 
second degree touch one another along a plane curve, every 

5 lane intersects them in two conic sections, which have a 
ouble contact on the right line in which this plane meets the 
plane of the curve of contact of the two surfaces. If the 
plane of this curve be at an infinite distance, the two conic 
sections will have a double contact on a right line Ijing at an 
infinite distance, which indicates that the two conic sections 
are similar, similarly placed, and concentric. 

Hence, it follows, that the olanes of the drcular sections of 
a hyperboloid are parallel to tne cyclic planes of its asymp> 
totic cone. 

78. Consequently, theorem (26,) first column, leads to the 
following : 

In every hyperboloid of one sheet, the product of the sines 
of the angles made by each generatrix with the planes of the 
subcontrary sections, is constant. 

79. Every plane touching a hyperboloid of one sheet passes 
through two generatrices, and the plane passmg through the 
centre of the hyperboloid intersects the asyinptotic cone along 
two sides parallel to these two generatrices ; consequendy, 
theorem (22,) first column, leads to tiie following : 

In every hyperboloid of one sheet, the tangents drawn at 
any point on its surface to the two eircular sections passing 
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through this point respectively make equal angles with the 
two generatrices which meet in this point. 

Note referred to in Nos. 17 and 63. 

Theorem. — If from a fixed point radii be drawn, terminating at dif- 
ferent points of a given plane, and points be assumed on these rami, whose 
distances from the fixed point are reciprocally proportional to the radii, 
these points wHl all be on a sphere which wiu pass through the fixed 
point, and whose centre wHl be on the perpendicular let fm from this 
point upon the plane. 

For, let o be the fixed pomt, p the foot of the perpendicular let fall 
from this point upon the given plane, and m any point whatever in the plane ; 
let us assume upon the radii op, om, two points p, m, such that qp,om, may be 
reciprocally proportional to op, om, that is to say, such that we shall have 
OP. op = €^, OM.om = cfi; (a being a constant right Une ;) the triangles opx 
opm, are plainly similar, the angle m is, therefore, a right angle ; which 
proves that the point m is upon the sphere described upon op as diameter. 

Q. B. D. 
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ON 

THE GENERAL PROPERTIES 

OF 

THE SPHERICAL CONICS. 

1^ ^ 

SECTION I. 

PRELIMINARY CONSIDERATIONS. 

1. Let there be a cone of the second degree havuig its ver- 
tex at the centre of a sphere. The curve of intersection of 
these two surfaces is a line of curvature of the cone, since it 
is every where normal to the generatrices of the cone, which 
are also lines of curvature. 

By the intersection of the sphere with the two sheets of 
the cone, we obtain two curves, which return into them- 
selves, and which are evidently synmietrical with relation to 
the three principal planes of the cone, in the same manner as 
the cone itself is symmetrical with relation to these three 
planes. These two curves are also symmetrical with relation 
to the three great circles in which these planes intersect the 
sphere. 

Each of the^ two curves is of double curvature, unless the 
cone be one of revolution, in which case they are both circles 
of the sphere. These two curves, in the general case of any 
cone of the second degree, have the form of an ellipse, 
and differ less from this curve as the radius of the sphere be- 
comes ffreater. On this account we may be permitted to call 
each of these curves a spherical ellipse. 

2. Let the principal plane of the cone be drawn, and let 
us only consider the hemisphere and the sheet of the cone 
situated above this plane ; tnis sheet will determine a spheri- 
cal ellipse upon the surface of the sphere ; the principal axis 
of the cone will penetrate the sphere in a point which will be 
the centre of this ellipse; for it will bisect every arc of a 
great circle passing; through this point and included within 
the curve ; since the arc of a great circle, included between 
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two points on a sphere, measures the angle contained by two 
right lines drawn from the vertex of the cone to these two 
points. 

Every arc of a great circle passing through the centre and 
terminated by the curve is a diametral arc of the curve. 

. The greatest and the least of the diametral arcs of the ellipse, 
which we shall call its principal diametral arcs^ are contained 
in the planes of the greatest and least sections of the cone. 
These arcs terminate in four points of the ellipse, which may 
be called its vertices. 

The two focal lines of the cone will penetrate the hemi- 
sphere, on which is traced the spherical ellipse which we are 
now considering, in two points which may be called the 
foci of the ellipse, on account of the similarity which may iTe 
shown to exist between their properties and those of the foci 
of plane ellipses. 

Lastly, the two cyclic planes of the cone will intersect the 
same hemisphere in two great semi-circles, which will have 
the major axis of the cone for their common diameter. This 
major axis lies in the plane of the greatest diametral arc of the 
ellipse ; and these two great semi-circles are perpendicular to 
the least diametral arc, and never meet the ellipse. In order 
to indicate their origin, let us call these two arcs the cyclic 
arcs of the spherical ellipse. 

3. Now let us draw the plane of the least section of the 
cone. It is clear that this plane will divide the complete inter- 
section of the cone and sphere into two equal parts, symme- 
trically placed with relation to this plane. 

Let us consider the part of this intersection lyinff on one 
side of this plane : it will consist of two branches which will 
be halves of the two spherical ellipses ; these two branches 
being symmetrical with respect to the diametral plane perpen- 
dicular to' the principal axis of the cone, and receding^ more 
and more from this plane as the distance from their vertices in- 
creases, form, when considered together, a curve which may 
be called a spherical hyperbola. Its centre is the point where 
the major axis of the cone penetrates the hemisphere on which 
the curve is traced ; its two foci are the points where the two 
focal lines of the cone penetrate this hemisphere. The curve 
has but two vertices, and its foci lie upon the arc of a great 
circle which joins them. 

Lastly, the two cyclic planes of the cone intersect the 
hemisphere in two great semicircles, which pass through the 
centre of the hyperbola, and make equal angles with tne arc 
which joins its two foci. These are the two cycUc arcs of 
the hyperbola. 
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4. Again, let us consider the hemisphere lying on either 
side of the plane of the greatest section of the cone, that is, 
the plane containing the two focal lines. 

On this hemisphere we shall have two halves of the two 
spherical ellipses. These two curves turn their concave parts 
towards each other, and approach towards the principal plane 
of the cone as the distance from their vertices increases. 

These two branches taken together form a third species of 
spherical curve. This curve has a centre^ which is the point 
of intersection of the sphere with the minor axis of the cone ; 
it has four Jbci which are in the plane of the greatest section 
of the cone, and two cyclic arcs which lie between the two 
branches of the curve, and are perpendicular to the arc of the 
great circle which joins its two vertices. 

The three curves which we have just been considering, are 
portions of the same curve which arises from the complete 
mtersection of the sphere with, a cone of the second degree, 
having its vertex at the centre of the sphere. We may, 
therefore, designate them all by the common name of spheri- 
cal conies. 

5. The Spherical conies possess a great number of pro- 
perties, of which the most part are very remarkable. 

It is to be observed, that all these properties are double^ 
that is to say, to every proposition relative to the spherical 
conies, there always corresponds a second proposition relative 
to these same curves. 

This results from the fact, that the properties of the cones 
of the second degree are double, as we have already proved. 
(See section 10 of the preceding Memoir.) But we may also 
prove this general principle by observing, that to any figure 
traced upon the surface of the sphere, there always corres- 
ponds a second figure, which is the envelope of the arcs of 
great circles, whose planes are perpendicular to the radii of 
the sphere drawn to the different points of the first figure. 
Each property of the first figure nas, therefore, always a 
corresponding property in the second figure ; but if the first 
figure be a conic^ tne second will also be a conic^ arising from 
the intersection of the sphere with the cone supplementary to 
that on which the first conic lies ; which proves the principle 
that has been stated. 

We may call the two conies supplementary^ as well as the 
two cones ; the cyclic arcs of either of them are in the dia- 
metral planes perpendicular to the diameters of the sphere 
passing through the foci of the other. 

6. Among the numerous properties of the spherical conies 
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there are two which have been already ^ven by M. Ma^us, 
of Berlin. (See Annales de Mathematiques, August, 1825.) 
They are the two following: 

" The sum or the difference of the two radii vectores drawn 
from the two foci of a spherical conic to any point in it is 
constant. 

" The two radii vectores drawn to any point of the conic 
make equal angles with the arc of a great circle touching the 
curve at that point." 

7. It is evident that, by reference to the supplementary conic 
whose properties we- have just stated, we mig^ht immediately 
deduce from these two propositions the following theorems 
which appear to us to possess an equal degree of interest : 

** In every spherical conic there are two arcs of great circles 
such that the sum or the difference of the angles, which each 
arc of a great circle touching the conic makes with them, is 
constant. 

" Every arc of a great circle, touching the conic and ter- 
minated by these two fixed arcs, is bisected at its point of 
contact with the conic." 

The former of these two propositions shows that, 

** The envelope of the bases of all the spherical triangles, 
which have a common vertical angle and the same area, is a 
spherical conic." 

8. This latter, and the preceding theorem, are exactlv ana- 
logous to the following well-known properties of the hyper- 
bola: 

** The envelope of the bases of all the plane triangles, which 
have a common vertical angle and the same area, is a hyper- 
bola. 

** The portion of any tangent to a hyperbola intercepted by 
the two asymptotes is bisected at the point of contact with 
the curve." 

We shall find the same analogy between several other pro- 
perties of the spherical conies and those of the hyperbola, so 
that the cyclic arcs of the spherical conies will be found to 
bear the same relation to those curves that its asymptotes do 
to the hyperbola. 

As to tne two theorems of M. Magnus, they bear a striking 
similarity to the known properties of the foci of the conic 
sections : the same may be observed of all the other pro- 
perties of the foci of these curves. 

In fact, we shall show in the last section of this Memoir, how 
the properties of the foci of the conic sections and those of 
the asymptotes of the hyperbola may be considered as conse- 
quences from those which we prove with relation to the foci 
and the cyclic arcs of the spherical conies. 
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But as these properties of the foci of the spherical conies may 
be applied to all the plane conic [sections, it might naturally 
be supposed that those of the cyclic arcs ought, in like man- 
ner, to have corresponding ones in every plane conic section ; 
they therefore euide us to the discovery of a new class of 
general properties of the plane conic sections, of which those 
of the asymptotes of the hyperbola are only particular cases. 

We shall make these new properties of the plane conic 
sections, the subject of a separate memoir, as we mean to couple 
with them the analogous properties of the surfaces of the 
second degree. 

9. It is surprising that the elegance of M. Magnus's two 
propositions has not yet directed the attention of geometers 
to researches of this land, and that the theory of the spherical 
conies has yet to be constructed, although, in consequence of 
the duality of all the propositions of spherical geometry, it 
admits perhaps of a wider extension than that of the plane 
conic sections. 

We do not, indeed, pretend to lay before the reader a theory 
of these conies; but we propose merely to state a certain 
number of those among their properties which relate to the 
fod and to the cyclic arcs^ and which result immediately from 
those which we have proved relative to the cones of the 
second degree. It is manifest that various other known pro- 
perties of the cones of the second degree, would furnish, in 
tike manner, and without difficulty, properties of the spherical 
conies, which ought to find a place m a treatise on these 
curves. 

10. A spherical ellipse and a spherical hyperbola have each 
only two foci; but a complete spherical conic has four foci 
placed at the extremities of two diameters of the sphere. In 
the theorems relating to two foci, we must always be under- 
stood to refer to two foci assumed respectively on these 
two diameters, and not to two foci assumed upon the same 
diameter; for the two foci ought to belone^ to the two focal 
lines of the cone on which the conic is tracea. 

But it will be more simple to suppose, in all that follows, 
that the conic is a single spherical ellipse or hyperbola, and 
to consider upon the sphere only the liemisphere on which 
this ellipse or hyperbola is traced; by this means we shall 
avoid all ambiguity ; an arc of a great circle touching the 
curve will have only one point of contact with it, whust it 
would touch it in two points, were we to consider the com- 
plete conic ; any two arcs of great circles will intersect in only 
one point, since we consider only one-half of the sphere ; for 
the same reason three arcs of great circles will intersect two 
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by two in only three points, and will form but a single spheri- 
cal triangle. 

As we shall only have to speak of arcs of great circles, 
we may be allowed, for the sake of brevity, to use merely 
the woi^ arc ; and it must be fully understood that we only 
mean arcs of great circles. 

We shall c3l the angle formed by two arcs of great circles 
a spherical angle ; their point of intersection will be the vertex 
of the angle. We shall call every arc of a great circle passing 
through the focus of a conic a vector arc. 

The properties of the spherical conies which we are about 
to state being all immediate consequences from those of the 
cones of the second degree, which we have proved in the 
preceding Memoir, it will be sufficient to give the enunciations 
of them"*, indicating, in the case of each, the corresponding 
property of the cones of the second degree (a). 



SECTION II. 

PROPERTIES RELATING TO THE TWO CYCLIC ARCS OF A 
SPHERICAL CONIC ; AND PROPERTIES RELATING TO ITS 
TWO FOCI. 

11. The two theorems (20 a,) lead to the following : 

Every arc of a great circle touch- The vector arcs, drawn from the 

ing a spherical conic intersects the two foci of a spherical conic to any 

two cyclic arcs in two points, which point on the curve, make equal 

are equally distant from the point angles with the arc of a great circle 

of contact with this tangent arc. touching the conic at that point. 

12. Conversely, 

If a curve traced upon a sphere If a curve traced upon a sphere 
be such that every arc of a great be such that the arcs of great circles, 
circle, touching the curve and ter- di'awn from two fixed points to any 
minated by two fixed arcs of great point in the curve, make equal angles 
circles, is bisected at the point with the arc of a great circle touch- 
where it touches the curve, this ing the curve at that point, this 
curve is a spherical conic. curve is a spherical conic. 

This follows from the two theorems (21 a.) 

13. The two theorems (22 a,) lead to the following, of 
which the two in No. 11 are only particular cases : 

Every arc of a great circle inter- The two vector arcs, drawn from 
sects a spherical conic in two points the two foci of a spherical conic to 

(a) We shall use numbers, followed by the letter «, in referring to the 
paragraphs of the preceding Memoir. 
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which are e<}tially distant from the 
points in which this arc respectively 
cuts the two cyclic arcs. 



the point of intersection of two arcs 
touching the curve, respectively make 
equal angles with these tangent 



14. Theorems (23 a,) lead to the following : 



The planes of two arcs touch- 
ing a spherical conic intersect the 
planes of the two cyclic ar(» in four 
ri^ht lines, which are the genera- 
trices of a right cone whose axis of 
revolution is perpendicular to the 
plane of the great circle passing 
through the two points of contact 
of the tangent arcs. 



The planes of four vector arcs 
drawn from the two foci of a sphe- 
rical conic to any two points of the 
curve will all touch the same right 
cone whose axis of revolution is the 
right line of intersection of the planes 
ofthe two arcs touching the conic at 
these two points. 



15, Theorems (24 a,) lead to the following : 

The sum or the difference of the The sum or the difference of the 

angles which each arc touching a vector arcs drawn from the two foci 

spherical conic makes with the two of a spherical conic to any point of 

cyclic arcs is constant. the curve is constant. 

16. Theorems (25 a,) lead to the following : 



Every arc of a g^'eat circle touch- 
ing a spherical conic intersects the 
two cyclic arcs in two points, such 
that the product of the trigonome- 
tric tangents of the semi-arcs lying 
between these points and the point 
of intersection of the two cyclic 
arcs is constant. 



The vector arcs, drawn from the 
two foci of a spherical conic to any 
point of the curve, make, with the 
diametral arc which joins the two 
foci, two angles, such that the 
product of the trigonometric tan- 
gents of their halves is constant. 



17. Theorems (26 a,) lead to the following : 

In every spherical conic the pro- In every spherical conic the pro- 
duct of the smes of the arcs of great duct of the sines of the arcs of great 
circles drawn from any point of the circles drawn from the two foci at 
cinrve at right angles with the two right angles with any arc touching 
cyclic arcs is constant. the curve is constant. 

18. The two theorems (28 a, second and first columns,) 
respectively lead to the two following : 



A spherical conic and its two 
cyclic arcs being given, if one ex- 
tremity of an arc of 90** traverse 
either ofthe two cyclic arcs whilst 
the other extremity moves along 
the conic, this quadrantal arc will 
envelope a second spherical conic, 



If from the foci of a spherical 
conic arcs be drawn perpendicular 
to the arcs touching the curve, their 
respective points ofintersection with 
these tangent arcs will be upon a 
second spherical conic, which will 
have a double contact with the given 
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which will have a double contact 
with the eiven one, and whose foci 
will be the extremities of the radii 
of the sphere perpendicular to the 
planes of^the cyclic arcs of the 
given conic. 



ones <uid whose cyclic arcs will be 
in the planes perpendicular to the 
radii of the sphere which pass 
through the two foci of the given 
conic. 



19. The two theorems (31 a, second and first columns,) 
respectively lead to the following : 



A spherical conic and one of its 
cjcMg arcs being given, if between 
this arc and the curve, two arcs of 
90° be inserted, and from their 
point of intersection a third qua- 
drantal arc be drawn terminating in 
the arc which joins those two ex- 
tremities of the two former ones 
which lie upon the conic, this ex- 
tremity of the third arc will fall 
upon the second cyclic arc of the 
conic. 



If from a focus of a spherical 
conic two arcs be drawn perpen- 
dicular to two arcs touchmg the 
curve, and if the feet of the two 
perpendicular arcs be joined by an 
arc of a great circle, the arc drawn 
at right angles with this latter from 
the point of concourse of the two 
tangent ards will pass through the 
second focus of the curve. 



20. Theorems (32 a,) lead to the following : 



If two spherical conies have the 
same cychc arcs, and a common 
tangent arc be drawn to them, the 
part of this arc intercepted between 
the two points of contact will be a 
quadrant. 



If two spherical conies which have 
the same roci intersect, they will be 
at right angles to each other at 
each point of intersection. 



SECTION III. 

PROPERTIES OF THE SPHERICAL CONICS RELATING TO A 
SINGLE CYCLIC ARC ; AND PROPERTIES RELATING TO A 
SINGLE FOCUS. 

21. If through any point on the surface of a sphere two arcs 
of great circles be drawn touching a spherical conic, the arc 
of a great circle joining the two points of contact, may be 
called the polar arc ofthe point with relation to the conic ; 
and conversely, this point will be called the pole of its polar 
arc. 

From the properties of right lines and polar planes in cones 
of the second degree which have been stated (1 a,) it evidently 
follows, that 

The polar arcs of all the points qf any arc of a great 
circle^ with relation to a spherical conic, pass ail of them 
through the same point, which is the pole of that arc ; and 
conversely. 
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The poles of all the arcs of great circles passing through 
the same pointy taken with relation to a spherical conic^ are 
all of them upon the same arc of a great circle which is the 
polar arc of the fixed point. 

To the polar arcs of its foci we give the pame oF director 
arcs of a spherical conic. 

22. Hence, the two theorems (34, a,) lead to the following : 

In every spherical conic, the ratio 
of the ones of the arcs which measure 
the distances of each point on the 
curve from a focus and from its cor- 
responding director arc is constant* 



In every spherical conic, the sme 
of the angle which each tangent arc 
to the curve makes with a cyclic 
arc has a constant ratio to the sine 
of the distance of this tangent arc 
from the pole of the cyclic arc. 



23. Theorems (36, a,) lead to the following ; 



Every arc touching a spherical 
conic, and the arc drawn through 
its point of contact and through the 
pole of a cyclic arc of the conic, 
meet that cyclic arc in two points 
the distance between which is 90®. 



The two vector arcs drawn from 
one focus of a spherical conic to 
any point of the curve and to the 
pomt where its tailgent arc at the 
former point meets the director 
arc, are always at right angles. 



24. Theorems (37, a,) lead to the following : 



Two tangent arcs to a spherical 
conic, and the arc which joins their 
points of contact with the curve, in- 
tersect the cyclic arc in three points, 
the third 01 which bisects the dis* 
tance between the first two. 



The vector arcs drawn from a 
focus of a spherical conic to two 
points of the curve make equal 
angles with the vector arc drawn to 
the point of intersection of the two 
arcs touching the conic at those two 
points. 



25. Theorems (38, a,) lead to the following ; 



Two tangent arcs to a spherical 
conic, and the arc passing through 
their point of intersection and 
througn the pole of a cyclic arc, 
meet that arc in three points the 
third of which bisects the distance 
between the other two. 



The vector arcs drawn from a 
focus of a spherical conic to two 
points on the curve make equal 
angles with the vector arc drawn 
to the point in which the arc joining 
the two points on the curve meets 
the director arc. 



26. Theorems (39, a,) lead to the following ; 



The arc passing through the pole 
of a cyclic arc of a spherical conic, 
and through the point of inter- 
section of two arcs touching the 
curve, and the arc passing throi^h 
the two points of contact of these 
tangent arcs, meet the cyclic arc in 
two points, the distance between 
which is W*. 



The two vector arcs drawn from 
one focus of a spherical conic to 
the point of intersection of two arcs 
touching the curve, and to the point 
in which the arc passing through 
the two points of contact meets we 
director arc, are at right angles. 



Digiti 



zed by Google 



00 



ON THS GSNSBAL PROPSBTIBS 



The points in which the arc join- 
ing the two points of contact meets 
the cyclic arc, and the arc which joins 
its pole with the point of concourse 
of Uie two tai^gent arcs, are hannonic 
conji^tes with relation to the two 
points of contact. 



The two arcs passing through the 
point of conconrse of the two tan- 
gent arcs, and passing, the one 
throns^h the focus of the conic* and 
the outer tiirough the point in wUdi 
the arc which joins the two points 
of contact meets the director arc, 
are harmonic conjugates with re- 
Uition to the two tangent arcs. 



27. The two theorems (40, a,) lead to the following: 



If through a point assumed upon 
a cyclic arc of a spherical conic two 
arcs he drawn touching the conic, 
the arc joining the two points of 
contact will meet the cyclic arc in a 
point whose distance from the for- 
mer is 90<>. 



If through a focus of a spherical 
conic a transrersal arc be drawn, its 
pole with relation to the conic will 
he upon Hoe director arc, and the 
arc drawn from the focus to this 
pole will be perpendicular to the 
transversal arc. 



28. Theorems (41, a,) lead to the following : 



When a spherical quadrilateral is 
inscribed in a spherical conic, the 
portion of a cyclic arc of the 
conic included between' two' ad- 
jacent sides of the quadrilateral is 
supplemental to the arc included be- 
tween the two other sides. 



When a spherical quadrilater^ is 
drcumscribed about a raherical 
conic, the angle between the two 
vector arcs drawn from one focus 
to two adjacent vertices of the 
Quadrilateral is supplemental to 
tne angle between the two vector 
arcs £awn to the two other ver^ 
tices. 



29. Theorems (42, a,) lead to the following : 



If through two fixed points on a 
spherical conic two arcs be drawn 
which intersect in any third point 
of the curve, the segment which 
they will intercept upon a cyclic 
arc will be of invariable magnitude. 

This segment will be a quadrant, 
if the arc which joins the two fixed 
points passes through the pole of the 
cyclic arc. 



Two fixed arcs being drawn 
touching a spherical conic, and any 
third timgent arc intersecting the 
two former in two points, the vector 
arcs drawn from a focus of the conic 
to these two points will contain be- 
tween them a constant angle. 

This angle will be ri^t, if the 
point of concourse of the two fixed 
tangent arcs be upon the director 
arc corresponding to the focus. 



30. The two theorems (43, a,) lead to the following : 



If through the two vertices which 
are at the extremities of the least dia- 
metral arc of a spherical ellipse two 
arcs be drawn intersecting in any 
third point of the curve, the segment 
intercepted between these two arcs 
upon a cyclic arc will be a quadrant. 



Every arc touching a spherical 
conic cuts the arcs touching the 
curve at the two vertices which 
are at the extremities of its greatesf 
diametral arc in two points such 
that the two vector arcs drawn from 
a focus to these two points are at 
right angles. 
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31. Tiieorems (44, a,) lead to the following * 



If upon a cyclic arc of a sphdrical 
conic a segment of given magnitude 
be arbitrarily assumed, and&rough 
one of its extremities and a fixed 
point of the curve an arc be drawn 
meeting the curve in a second point, 
the arc drawn through this second 
point and through the other extre- 
mity of the segment win pass through 
a fixed point on the come. 



If round a focus of a spherical 
conic, as vertex, a spherical anele of 
invariable magnituae be made to 
tum,and through thepoint whereone 
of its sides meets a fi^ed arc touch- 
ing the curve, a second tangent arc 
be drawn, tUs arc will meet the 
second side of the angle in a point 
the geometric locus of which will 
be an arc touching the conic. 



32. Theorems (45, a,) lead to the following : 



If through a point assumed arbi- 
trarily on a cychc arc of a spherical 
oonio two arcs be drawn touching 
the curve, the sum of the trigono- 
metric co-tanffents of the angles 
which they make with the cyclic arc 
will be constant. 



If through a focus of a spherical 
conic an arc be drawn arbitrarily 
meeting it in two points, the sum of 
the trigonometric co-tangents of the 
arcs lying between the foci and 
these two points will be constant. 



SECTION IV. 

GEOMETRIC LOCI RELATING TO THE CYCLIC ARCS AND TO 
THE FOCI OF THE SPHERICAL CONICS. 

33. Theorems (46 a,) lead to the following : 



If ^e sides of a spherical angle 
of variable magnituae pass always 
through two fixed points on the sur- 
face of a sphere, wnilst the segment 
intercepted between its sides upon 
an arc of a g^ven great drcle is of 
a constant leng^, the vertex of this 
an^le will generate a spherical conic 
which will have the fixed arc for a 
cyclic arc, and which will pass 
through the two fixed points. 



Two fixed arcs and a point being 
given on a sphere, if round this 
point as vertex a spherical angle of 
mvariable magnitude be made to 
turn, and if the two points in which 
its sides respectively meet the two 
fixed arcs be joined b;^ an arc of a 
g^eat circle, this arc will envelope a 
spherical conic which will have the 
fixed point for a focus, and which 
will touch the two fixed arcs. 



34. Theorems (47 a,) lead to the following : 

If two tangent ar.cs be drawn to a If an angle of invariable magni- 

spherical conic so that the segment tude be made to turn round a focus 

intercepted between them upon a ofasphericalconicas vertex, the arc 

cyclic arc of the conic may be of a joining the two points in which its 
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constant length, the geometric locus 
of the point of concourse of these 
two arcs will be a second spherical 
conic. 

The arc joining the two points 
of contact of these two arcs with the 
given conic will envelope a third 
conic. 

The cyclic arc in question will be 
a cyclic arc of the two new conies, 
and this arc will have the same pole 
with relation to the three conies. 



sides meet the curve will envelope 
a second conic. 



The tangent arcs to the ^ven 
conic at these two points will mter- 
sect upon a third conic. 

The focus in question will also be 
a focus of the two new conies, and 
the corresponding director arc will 
be the same in the three conies. 



35. Theorems (48, a,) lead to the following : 



If round a fixed point assumed on 
a spherical conic a spherical angle 
of variable magnitude be made to 
turn, whose sides intercept upon a 
cyclic arc of the curve a se^ent of 
a constant length, the arc joming the 
two points in which the sides of this 
angle meet the conic will envelope 
a second conic ; the cyclic arc upon 
which the segments are measured 
will be a cyclic arc of the new conic, 
and it will have the same pole in 
the two curves. 



If round a focus of a spherical 
conic as vertex a spherical angle of 
invariable magnitude be to turn, 
and through the two points in which 
its sides meet a fixed arc touching 
the conic two arcs be drawn touch- 
ing the curve, the point of concourse 
of these two arcs will generate a 
second conic; the focus of the 
given conic will also be a focus of 
the new conic, and the corresponding 
director arc will be the same in the 
two curves. 



36. Theorems (49, a,) lead to the following : 



A spherical conic and a fixed arc 
arbitrarily drawn being given, if 
two tangent arcs to the conic be 
drawn so that the segment inter- 
cepted between them on the p^ven 
arc may be a quadrant, the pomt of 
concourse of these two arcs will 
generate a second conic which will 
nave the given arc for a cyclic arc. 

This arc will have the same pole 
in the two conies. 

37. If the fixed arc he one of the 
principal diametral arcs of the conic, 
the theorem may he thus stated : 

If a variable spherical angle, cir- 
cumscribed about a spherical conic, 
move so that the se^ent inter- 
cepted between its sides upon a 
prmcipal diametral arc of the conic 
may alwavs be a cjuadrant, the 
vertex of this angle will generate a 
tmall circle of the sphere. 



A*spherical conic and a fixed point 
arbitrarily assumed on the rohere 
being given, if round this point as 
vertex a right spherical angle be 
made to turn, and if the pomts in 
which its sides meet the conic, taken 
two by two, be joined by four arcs, 
these four arcs will envelope a 
second conic of which the fixed point 
will be a focus. 

This point will have the same 
polar arc in the two curves. 

If the fixed point he the centre 
of the conic, the theorem may he thus 
stated: 

If a right spherical angle turn 
round the centre of a spherical conic 
as vertex, the arc joinmg tile points 
in which its two sides meet the 
curve will envelope a small circle of 
the sphere. 
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This is also a* consequence from the two theorems (50, a.) 
38. The two theorems (51, a,) lead to the following : 



If round two fixed points on a 
spherjcal conic two arcs be nlade to 
turn intersecting in any third point 
of the curve, these arcs will re- 
spectively meet the two cyclic arcs 
of the conic in two points* and the 
arc joining these two points will 
envelope a spherical conic touching 
these two cyclic arcs. 



Two fixed tangent arcs being drawn 
to a spherical conic, anv third tan- 
gent arc will intersect them in two 
points, and the arcs respectively 
drawn through these points and 
through the two foci of the 
conic win intersect in a point the 
geometric locus of which will be a 
spherical conic passing through the 
two foci of the given one. 



39. Theorems (52, a,) lead to the following : 



If round two fixed points two 
arcs be made to turn, containing be- 
tween them a right angle, their 
point of intersection will generate a 
spherical conic passing through the 
two fixed points, and whose cyclic 
arcs will be in the two planes per- 
pendicular to the radii of the sphere 
drawn to the two fixed points. 



If the extremities of an arc of 90o 
move along the sides of any given 
spherical angle, this moveable arc 
will envelope a spherical conic which 
will touch uie two sides of the angle, 
and whose foci will be the extremi- 
ties of the radii of the sphere per- 
pendicular to the planes of these 
sides. 



40, Theorems (53, a,) lead to the following : 



Two fixed arcs being given upon 
a sphere, if a point be sought such 
that the product of the sines of its 
distances from the two fixed arcs 
may be constant, the geometric 
locus of this point mH be a spheri- 
cal conic whose cyclic arcs will be 
the two given arcs. 



Two fixed points beine given upon 
a sphere, if an arc be drawn such 
that the product of the sines of its 
distances from these two points 
may be constant, this arc will 
envelope a spherical conic whose 
foci will be the two given points. 



41. Theorems (54, a,) lead to the following : 



An arc and a point being given 
upon a sphere, if an' arc be sought 
such that the sine of the angle which 
it makes with the given arc, and the 
sine of its distance from the given 
point, may have a constant ratio, 
this arc will envelope a conic which 
will have the given arc for a cyclic 
arc ; and the given point will be, with 
relation to this conic, the pole of 
that cyclic arc. 

42. If in the second theorem the ratio of the sines be one 
of equality, we infer from it, that 



A point and an arc being given 
upon a sphere, if a point be sought 
such that the sines of its distances 
from the given point and arc may 
have a constant ratio, the geometric 
locus of this point will be a conic of 
which the given point will be a focus ; 
and the given arc will be the 
director arc corresponding to that 
focus. 
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The spherical curve every point of which is equi'-distant 
from a given point and from a given arc of a great circle is 
a conic having this point and arc /or a focus and its cor^ 
responding director arc. 



SECTION V. 



PROBLEMS RELATING TO THE CYCLIC ARCS AND TO THB 
FOCI OF THE SPHERICAL CONICS ; AND GENERAL PRO- 
PERTIES OF SPHERICAL TRIANGLES AND QUADRILATE- 
RALS. 



43. When a cyclic arc of a sphe- 
rical conic is given, only three other 
conditions are required in order to 
determine the curve. 



When a focus of a spherical conic 
is given, only'three other conditions 
are required in order to determine 
the curve. 



This is a consequence of what we have said with reference 
to cones of the second degree (56, a.) 

44. Theorems (57) a,) lead to the following : 



A cyclic arc and two points of a 
spherical conic being given^ the 
pole of this cyclic arc lies upon the 
arc which passes through the two 
following points : 

1. The point which is, with rela- 
tion to the two given points, the 
harmonic conjugate of tlmt in which 
the arc joining these two points 
meets the given cyclic arc. 



A focus and two tangent arcs to 
a spherical conic being given, the 
director arc corresponding to that 
focus passes through the point of 
intersection of the two following 
arcs: 

1. The arc which passes through 
the point of concourse of the two 
given tangents, and which is the 
harmonic conjugate, with relation 
to these two arcs, of the arc drawn 
through this point of concourse and 
through the given focus. 

2. The arc drawn through thb 
focus perpendicular to this latter 
arc joining the. focus with the point 
of concourse of the two tangent arcs. 



2. The point on the cyclic arc 
which is 90o distant from that in 
which this arc meets the arc joining 
the two given points. 

45. Theorems (68, a,) lead to the following : 

A cyclic arc and two tangent arcs 
to a spherical conic being given. 

The pole of that cyclic arc lies 
upon the arc drawn through the 
point of concourse of the two tan- 
gent arcs and through the middle 
of the arc (or the supplement of 
the arc) intercepted upon this cyclic 



A focus and two points on a 
spherical conic being given. 

The director arc corresponding 
to that focus passes through the 
point in which the arc joining the 
two given points meets the vector 
arc which bisects the angle (or the 
supplement of the angle) contained 
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arc between the two glTen tangent 
arcs. 



between the two vector arcs drawn 
from the ffiven focus to the two 
points on the conic. 



46. The two theorems (44,) respectively contain the so- 
lutions of the two following problems : 



Problem, — Given three points and 
a cyclic arc of a spherical conic, to 
determine the pole of this cyclic 
arc. 



Problem — Given three tangent 
arcs and a focus of a spherical conic, 
to determine the director arc corres- 
ponding to this focus. 



47- The two theorems (46,) in like manner enable us to 
resolve the two following problems, each of which admits of 
four solutions : 



Problem, — Given three tangent 
arcs and a cyclic arc of a spherical 
conic, to determine the pole of this 
cyclic arc. 



Problem. — Given three tangent 
arcs and a focus of a spherical conic, 
to determine the director arc cor- 
responding to that focus. 



48. We have just seen (46,) that 



A spherical triangle being given^ 
and also any arc of a great circlet 
this arc may be considered as a cyclic 
arc of a spherical conic passing 
through the three vertices of the 
triangle. 



A spherical triangle being given, 
and also a fixed point upon the 
sphere, this point may be considered 
as the focus of a spherical conic 
touching the three siaes of the tri- 
angle. 



This remark will aid us in the proof of some general pro- 
perties of spherical triangles and quadrilaterals. 

49. Theorems (13,) lead, as appears from what we have 
just said, to the two following properties of spherical triangles: 



If a spherical triangle and a trans- 
versal arc be given, and upon each 
side of the triangle a point be as- 
sumed whose distance from one ex- 
tremity of that side is equal to the 
distance of the other extremity 
from the point in which the trans- 
versal arc meets the side, the three 
points thus determined upon the 
three sides of the triangle will lie 
upon the same arc of a great 
curcle. 



A spherical triangle being given, 
if through a fixed point an arc be 
drawn to each vertex of the triangle, 
and through that vertex a second 
arc be drawn which makes with one 
of the adjacent sides of the triangle 
an angle equal to that which the 
first arc makes with the other side, 
the three arcs thus drawn will pass 
through the same point. 
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This arc and the ffiven transversal 
arc will be the cychc arcs of a conic 
circumscribed iui>out the spherical 
triangle. 

50. This theorem fumUhes the 
solution of the following 

Problem, — Given three points 
and a cyclic arc of a spherical conic^ 
to determine the second cyclic arc 
of this curve. 

51. Theorems (18) lead to the two following properties of 
spherical triangles : 



This point and the g^ven point 
will be tne foci of a spherical conic 
inscribed in the given triangle. 

This theorem furmshes the sO' 
lution of the fouomng 

Pi'oblem, — Given three tangent 
arcs and a focus of a spherical conic, 
to determine the second focus of 
this curve. 



A spherical triangle and a trans- 
versal arc being given, if upon this 
arc three points be assumed which 
are respectively distant by 90° from 
the three vertices of the triangle, and 
these points be connected with the 
three vertices by three arcs, if we now 
describe a come touching these last 
three arcs and having for its focus 
the extremity of the radius of the 
rohere perpendicular to the plane of 
the given transversal arc, and 
through the vertices of the given 
trian^e draw three new arcs touch- 
ing tlus conic> and if we assume 
upon these arcs three points res- 
|)ectively distant by 90° from the 
vertices, these three points will be 
upon the same arc of a great circle. 

This arc will be in the plane per- 
pendicular to the radius of the 
sphere drawn to the second focus of 
the conic. 



If from a point assumed arbi- 
trarily upon a sphere three arcs be 
drawn perpendicular to the three 
sides of a spherical triangle, and 
through the feet of these perpen- 
diculars a spherical conic be made 
to pass, which has for a cyclic arc 
the great circle contained in the 
plane perpendicular to the radius of 
the sphere drawn to the given pointy 
this conic will meet the three sides 
of the triangle in three new points 
such that the arcs drawn through 
these points and respectively perpen- 
dicular to the three sides will pass 
through the same point. 



This point will be the extremity of 
the radius perpendicular to the 
plane of the second cyclic arc of the 



52. Theorems 09) lead to the two following properties 
of spherical triangles : 



A triangle and an arc of a great 
circle being traced upon a sphere, 
if through each vertex of the tri- 
angle an arc of 90° be drawn termi- 
nated by the given arc, the three 
arcs thus drawn will form a second 
spherical triangle; if through the 
vertices of this new triangle three 
arcs of 90° be drawn, respectively 
terminated by the three opposite 
sides of the nrst triangle, the ex- 
tremities of these three arcs will lie 
upon the same arc of a great circle. 



If from a point assumed upon a 
sphere arcs be drawn perpendicular 
to the three sides of a spherical tri- . 
angle, their feet will be the three 
vertices of a new triangle inscribed 
in the first ; and if from the ver- 
tices of the first triangle arcs be 
drawn respectively perpendicular to 
the opposite sides of the second tri- 
angle, these three arcs will pass 
through the same point. 
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63. The two theorems (67 a,) lead to the following : 



If about a spherical conic any 
nmnber of spherical triangles be 
circumscribed^ and as many spheri- 
cal conies be circumscribed about 
these triangles, having all of them 
for a common cyclic arc a fixed 
tangent arc to the given conic, all 
these curves will pass through the 
same point. 



If in a spherical conic any num- 
ber of spherical triangles be in- 
scribed^ and as many spherical co- 
nies be inscribed in these triangles, 
having all of them for a common 
focus, a fixed point on the given 
conic, all these curves will touch 
the same arc of a great circle. 



64. From the two theorems (68 a,) we deduce the fol- 
lowing : 



A spherical conic being given, if 
anjr spherical triangle be circum- 
scribed about it, ana if upon a fixed 
arc touching the conic three points 
be assumed such that the arcs res- 
pectively drawn from these points 
to tiie three vertices of the triangle 
may be quadrants ; and if we fur- 
ther suppose a conic to be described 
touching these three arcs, and hav- 
ing for its focus the extremitjr of 
the radius of the sphere perpendicu- 
lar to the plane of the fixed arc, this 
new conic will always touch the 
same arc of a great circle, whatever 
be the triangle circumscribed about 
ihe given conic. 

55. The two theorems (69 a,) lead to the two following 
general properties of spherical quadrilaterals : 



If from a fixed point assumed 
upon ^ spherical conic, three arcs 
be drawn perpendicular to the sides 
of a spherical triangle inscribed in 
the conic, and if through the feet of 
these perpendiculars a spherical 
conic be made to pass, having for 
a cvclic arc the arc of a great 
circle lyinff in the plane perpendi- 
cular to the radius of the sphere 
drawn to the fixed point on the 
given conic, this new conic will al- 
ways pass through a fixed point, 
whatever be the triangle inscribed 
in the given conic. 



A spherical quadrilateral being 
given, its sides, taken three by three, 
will form four triangles ; if through 
the vertices of eacn of these tri- 
angles three quadrantal arcs be 
drawn, terminated by the same 
given arc of a great circle, and if a 
conic be desermed, touching these 
three arcs, and having for a focus 
the extremity of the radius of the 
sphere perpendicular to the plane 
of the gigm great circle, the four 
conies thus determined will all 
touch the same arc of a great 
circle. 



A spherical quadrilateral being 

fiven, its four vertices, taken three 
y three, will determine four tri- 
angles ; if from a fixed point arcs be 
drawn perpendicular to the three 
sides of each of these triangles, 
and if through the three points in 
which these arcs respectively meet 
the sides, a spherical conic be made 
to pass, havmg one of its cyclic 
arcs in the plane perpendicular to 
the radius of the sphere which is 
drawn to the given nxed point, the 
four conies thus determined will all 
pass through the same point. 
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SECTION VL 



ORGANIC DESCRIPTION OF THB SPHERICAL CONICS. 

56. The two theorems (71 a,) relating to the description of 
the cones of the second degree, respectively lead to the two 
following : 



If any two spherical angles, each 
of invariable magnitude, turn rotind 
two fixed points as verticesy so that 
two of their sides intersect on a 
given fixed arc, the point of inter- 
section of their two other sides will 
generate a spherical conic which 
fnll pass through the two fixed ver- 
tices of the moveable angles. 



If along two given fixed arcs any 
two segments, each of invariable 
magnitude, be made to move^ 
so that the arc joining two of 
their extremities may turn round 
a fixed pointy the arc joining their 
two other extremities will envelope 
a conic which will touch the two 
fixed arcs along which the two seg- 
ments move. 



The first of these two theorems is exactly analogous to that 
of Newton, relative to the organic description of the plane 
conic sections. 



67. Proftfem.— Given five points 
of a spherical conic, to determine all 
the other points of the curve by the 
movement of two spherical angles 
round their vertices. 

Let Af 'Bf c, D, E, he the five 
gioen paints ; let us take the first 
two A, B, for the vertices of the 
two moveable angles, and these 
angles will he (cab), (cba). 



Now let these angles he turned 
round their vertices a, b, so that 
their sides ca, cb,' may pass at the 
same time through the point n, and 
again through the jmnt s; their 
two other sides, which originally 
coincided with the arc ab, tot// suc- 
cessively intersect in two points 
D', e'. 



Problem,. — Given ^yq tangent 
arcs to a spherical conic, to deter- 
mine all tne other tangent arcs of 
the curve by the movement of two 
arcs along the circumferences of 
two great circles. 

Let A, By c, D, E, he the five 
given cares ; let us take the drcum^ 
ferences of the great circles to which 
the first two, a, b, belong, for those 
along which the two moveable arcs 
are to he measured ; the third arc c, 
produced if necessary, wiU meet the 
first two A, B, in two points, and 
the arcs included between these two 
points and the point of intersection 
ofK andBwill be the two moveable 
arcs. 

Now let these two arcs he moved 
along their circumferencess so that 
their extremities, which before were 
placed upon the arc c, may he upon 
the arc d, and again upon the arc 
e; their two other extremities, 
which originally coincided with the 
point of intersection of the two arcs 
A, B, wUl successively detemnine two 
arcs d', e'. 
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Let the point of intersection of Let the arc joinxng the same two 
the same two sides traverse the arc extremities turn round the point of 
of a great circle determined by intersection of these two arcs d', e' ; 
the two points d', e' ; the point of the arc joining the two other ex- 
inter section of the two other sides tremities of the two moveable arcs 
will generate the required conicy as will envelope the required conic, as 
appears from the preceding theo- appears from the preceding theo- 

Tern. r,0«n. 



rem, rem. 



SECTION VII. 

PROPERTIES OF THE PLANE CONIC SECTIONS DEDUCED AS 
CONSEQUENCES FROM THOSE OF THE SPHERICAL CONICS* 

58. We have stated (8), that firom the propositions relative 
to the spherical conics, contained in this memoir, we might 
deduce a very great number of the properties of the foci of 
the plane conic sections, and some properties of the asymp- 
totes of the hyperbola. 

For this purpose, it is sufficient to suppose that the centre of 
the sphere recedes to an infinite distance upon the radius which 
passes through the centre of the spherical conic. This curve 
will degenerate into a plane conic which will be an ellipse or 
a hyperbola ; and the properties of the foci of the spherical 
conies will become those of the plane conies. 

In the case where the conic becomes a hyperbola, the cyclic 
arcs will become"two fixed right lines drawn through the centre 
of the curve ; and the properties of the cyclic arcs will apply 
to these two right lines, wnich each of these properties leads 
us to recognize as the asymptotes of the hyperbola. 

59. We shall state the various theorems which may be de- 
duced in this way from the properties of the spherical conies ; 
at the end of each we shall refer to the number of the theorem 
from which it is a consequence. First, we shall give those 
which relate to the foci, and afterwards those which relate to 
the asymptotes. 

These two classes of theorems which are thus found to have 
a common origin, present a remarkable connexion between the 
properties of the foci and those of the asjrmptotes ; properties 
so different both in their statement and m the proofs usually 
given of them. When discussing the new properties of the 
conic sections of which we have spoken (8), we mean to shew 
how close a relation subsists in other respects between the foci 
of the conic sections and the asymptotes of the hyperbola. 
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GESERAJL PEOPEKTIES OF THE TWO FOCI OF THE PLANE CO- 
XIC 8ECTIOK8 COSSIDEEED SDfULTAXEOUSLT. 

1. The radii rectores drawn fimn the two fiid to any pcnnt 
of the conic section make eqoal angles with the tangent at that 

point 01). 

2. ConTersdy : If a cnnre be soA that the radii Tectoies 
drawn fiom two fixed pcnnts to each point on it make equal 
angles with the tangent at that point, the corre is a conic 
section (12). 

3. The two radii Tectores drawn firom die two fix3 of a conic 
section to the point of concourse of two tangents respectively 
make <sqnal angles with those tangents (13). 

4. Tne fi>ar radii yectores drawn from the two foci of a conic 
section to any two pmnts on it axe tangents to the same circle, 
whose centre is the point of concourse of the tangents to the 
conic section at those two points (14). 

5. Thesom or the differenceof the two radii vectores drawn 
from the two foci of a conic section to any point on it is con- 
stant (15). 

6. The product of the trigonometric tangents of the semi- 
angles, wnich the two radii vectores, drawn from the two 
fi>ci of the conic section to any point on it, make with its major 
axis, is constant (16). 

7* The rectangle under the perpendiculars let £dl from the 
two foci of a conic section on each tangent to the curve is con- 
stant (17). 

8. The locus of the feet o( the perpendiculars, let fell from the 
two foci of a conic section upon its tangents, is a circle (18). 

9. If from a focus of a conic section perpendiculars be let £adl 
Uf>on two tangents to the curve, and if a right line be drawn 
joining their feet, the perpendicular drawn to this right line from 
the point of concourse of the two tangents will pass through 
the second focus of the curve (19). 

10. If two conic sections which have the same foci cut one 
another, they are at right angles to each other at each point 
of intersection (20). 

II. 

PROPERTIES OF THE PLANE CONIC SECTIONS RELATING TO A 
SINGLE FOCUS. 

I . The ratio of the distances of each point on a conic sec- 
tion from a focus and from the corresponding directrix is 
constant (22). 
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2. The radii vectores drawn from a focus of a conic sec- 
tion to a point on the curve, and to the point where the tangent 
at that former point meets the airectrix, are at right 
angles (^23). 

3. Tne radii vectores drawn from a focus of a conic section 
to two points on the curve make equal angles with the radius 
vector drawn to the point of concourse of me two tangents at 
those points (24). 

4. The two radii vectores, drawn from a focus of a conic 
section to two points on the curve, make equal angles with 
the radius vector drawn to the point in which the chord join- 
ing the two points on the curve meets the directrix (25). 

5. The radius vector drawn from a focus of a conic sec- 
tion to the point of concourse of two tangents to the curve, 
and the radius vector drawn to the point in which the chord 
joining the two points of contact meets the directrix, are at 
right angles. 

The two right lines drawn through the point of concourse 
of the two tangents, and passing, the one through the focus, 
and the other through the point in which the chord joining 
the two points of contact meets the directrix, are harmonic 
conjugates with relation to the two tangents (26). 

6. If a transversal be drawn through the focus of a conic 
section, its pole, with relation to the curve, will be upon the 
directrix, and the radius vector drawn from the focus to this 
pole will be perpendicular to the transversal (27). 

7. When a quadrilateral is circumscribed aoout a conic sec- 
tion, two opposite sides of the quadrilateral subtend at either 
focus two angles supplemental one to the other (28). 

8. Two fixed tangents being drawn to a come section, the 

i)art of another moveable tangent intercepted between the two 
brmer ones will subtend at either focus an angle of invariable 
magnitude. 

This angle will be right, if the point of concourse of the 
two fixed tangents be upon the directrix (29). 

9. The portion of any tangent of a conic section intercepted 
between the two tangents drawn at the extremities of the 
major axis subtends a right angle at either focus (30). 

10. A conic section and a fixed tangent to it being given, 
if round either focus, as vertex, an angle of invariable magni- 
tude be made to turn, and through the point in which one of 
its sides meets the fixed tangent we draw a second tangent to 
the curve, this second tangent will meet the second side of 
the angle in a point, the geometric locus of which will be a 
tangent to the conic section (31). 

11. Any chord of a conic section passing through a focus 
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is divided at that point into two parts the sum of the reci- 
procals of which is constant (32), 

III. 

GEOMETRIC LOCI RELATING TO THE FOCI OF THE PLANE 
CONIC SECTIONS. 

1. If an angle of invariable magnitude be made to turn 
round a fixed point as vertex, and if a right line be drawn 
joining the two points in which its two sides respectively meet 
two given right lines, this right line will envelope a conic sec- 
tion whose focus will be the vertex of the moveable angle, 
and which will touch the two given right lines (33). 

2. If an angle of invariable magnitude be made to turn 
round the focus of a conic section as vertex, the chord which 
it will subtend will envelope a second conic section. 

The tangents to the given conic section at the extremities 
of this chord will intersect in a point the geometric locus of 
which will be a third conic section. 

These two new conic sections will have the same focus as 
the given conic section, and the same corresponding direc- 
trix (34). 

3. If an angle of given magnitude be made to turn round 
the focus of a conic section as vertex, and through the points 
in which its sides meet a tangent to the curve, two new tan- 
gents be drawn, their point of concourse will generate a 
second conic section, of wnich the fixed vertex of the moveable 
angle will be a focus, and the corresponding directrix will be 
that of the given conic section (35). 

4. If in tne plane of a conic section a right angle be made 
to turn round a fixed point as vertex, the chord subtended in 
the conic section by the sides of this angle will envelope a 
second conic section, one of whose foci will be at the nxed 
point, and the corresponding directrix will be the polar of this 
point with relation to the given conic section (36). 

If the vertex of the moveable angle be the centre of the 
given conic section, the second conic section will be a circle(37). 

5. A conic section and two fixed tangents being given, if 
any third tangent be drawn, and through the points in which 
it meets the two fixed tangents, two right lines be drawn 
respectively passing through the two foci of the curve, these 
two right lines wiU intersect in a point, the geometric locus 
of which will be a conic section passing through the two foci 
of the given one (38). 
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6. Two fixed points being ^ven, if a right line be drawn, 
such that the rectang^le under its distances from the two given 
fixed points shall be constant, this right line, and all the 
others determined in like manner, will envelope a conic sec- 
tion whose foci will be the two fixed points (40). 

7. A point and a right line being given, tne geometric locus 
of a point whose distances from the given point and right line 
are to each other in a constant ratio, is a conic section in which 
the given point is a focus, and the given right line is the cor* 
responding directrix (41). 

IV. 

PROBLEMS RELATING TO THE FOCI OF THE PLANE CONIC 
SECTIONS, AND GENERAL PROPERTIES OF PLANE TRIANGLES 
AND QUDRILATERALS. 

1. When one of the foci of a conic section is given, only 
three other conditions are required to determine this curve. 

2. A focus and two tangents of a conic section being given, 
the directrix corresponding to that focus passes through the 
point of intersection of the two following right lines : 

a. The right line which passes through the point of con- 
course of the two given tangents, and is the harmonic conju- 
gate, with relation to these two tangents, of the right line drawn 
from this point of concourse to the focus of the curve : 

b. The right line drawn through the focus perpendicular 
to the right Une joining this focus with the point of concourse 
of the two given tangents (44). 

3. A focus and two points on a conic section being Given, 
the directrix corresponding to that focus passes through the 
point in which the nght line joining the two given points meets 
the right line which oisects the angle, or the supplement of 
the angle, contained between the two radii vectores arawn from 
the focus to the two given points (45). 

4. The last theorem but one furnishes the solution of the 
following problem : 

Given three tangents and one of the foci of a conic sec- 
tion, to determine the directrix corresponding to that focus. 

5. The last theorem enables us to resolve the following 
problem, which admits of four solutions : 

Given three points and one of the foci of a conic section, to 
determine the directrix corresponding to that focus. 

6. Three right lines being drawn from a fixed point to the 
three vertices of a triangle, if through each vertex a new right 
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line be drawn, making with one of the two sides adjacent to 
that vertex an angle equal to that which the former rieht 
line makes with the other side, the three right lines tnus 
drawn will pass through the same point. 

This point and that from which the three former right lines 
were drawn, will be the foci of a conic section inscribed in the 
given triangle (49). 

7. This theorem furnishes a solution of the following prob* 
lem: 

Given three tangents and one of the foci of a conic section, 
to determine the other focus. 

8. If from a point assumed arbitrarily in the plane of a tri- 
angle three perpendiculars be let fall upon its sides, and a circle 
be described passing through their feet, the perpendiculars 
drawn to the sides of the tnan^le at the three new points in 
which this circle meets them, will all pass through tne same 
point (51). 

9. If from a point assumed in the plane of a triangle three 
perpendiculars be let fall upon its sides, their feet wul be the 
vertices of a second triangle inscribed in the former ; and if 
through the vertices of the first triangle right lines be drawn 
respectively perpendicular to the opposite sides of the second, 
these three right lines will pass through the same point (52). 

The feet of the perpendiculars let fall from this new point 
upon the sides of tne given triangle, and those of the three 
former perpendiculars, will be six points lying on the circum- 
ference of the same circle. 

10. If any number of triangles be inscribed in a conic sec- 
tion, and as many conic sections be again inscribed in these 
triangles, having all of them for their common focus a fixed 
point on the given conic section, all these curves will touch 
the same right line (53). 

11. If from a point assumed upon a conic section perpen- 
diculars be let fall upon the sides of a triangle inscribed in the 
conic section, the circle described through the feet of these per- 
pendiculars will pass through a fixed point, whatever be the 
triangle inscribea in the conic section (54). 

12. The four vertices of a (]|uadrilateral, taken three by 
three, determine four triangles ; if from any point perpendicu- 
lars be let fall upon the sides of each triangle, ana a circle be 
described passing through their feet, the four circles thus deter- 
mined will pass tnrough the same point (55). 
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V. 



PROPERTIES OF THE TWO ASYMPTOTES OF THE HYPERBOLA 
CONSIDERED SIMULTANEOUSLY. 

1. Every tangent to a hyperbola meets the asymptotes in 
two points, which are equally distant from the point of 
contact (II). 

2. Conversely : If a curve be such that the portion of each 
tan^nt intercepted between two riven right lines is bisected 
at the point of contact, this curve is a hyperbola whose asymp- 
totes are the two given right lines (12). 

3. The portions of any secant intercepted between the 
hyperbola and its asymptotes are equal (13). 

4. Every tangent to a hyperbola meets the asymptotes in 
two points, the rectangle under the distances of which from 
the centre of the curve is constant (16). 

5. In every hyperbola the rectangle under the distances of 
any point on the curve from the two asymptotes is con- 
stant (17). 



VI. 

PROPERTIES OF THE HYPERBOLA RELATING TO A SINGLE 
ASYMPTOTE. 

1. Two tangents to a hyperbola, and the right line joining 
the points of contact, meet an asymptote in three points, 
the third of which bisects the distance between the first 
two (24). 

2. If the two sides of a variable angle, whose vertex tra- 
verses a hyperbola, pass through two fixed points on the 
curve, the segment intercepted between the sides of this 
angle upon an asymptote will be of a constant length (29). 

3. ITon either asymptote of a hyperbola a portion of given 
len^h be arbitrarily assumed, and through one of its extre- 
mities and a fixed point on the curve a nght line be drawn 
meeting the curve in a second point, the right line joining 
this second point with the second extremity of the portion 
assumed on the asymptote will turn round a fixed point on 
the hyperbola (31). 
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VII. 

GEOMETRIC LOCI RELATING TO THE ASYMPTOTES OF THE 
HYPERBOLA. 

1. If the two sides of an angle of variable magnitude pass 
sklways through two fixed points, and intercept upon a given 
right line a segment of a constant length, the vertex of this 
angle will generate a hvperbola, which will pass through the 
two fixed points, and which will have the given right fine for 
an asjrmptote (33). 

2. If two tangents to a hyperbola intercept between them 
on one of the asymptotes a segment of a constant length, the 
geometric locus of their point of concourse will be a second 
hyperbola. 

The chord joining the two points of contact will envelope 
a third hyperbola. 

The asymptote on which are measured the segments inter^ 
eepted between the tangents will be an asymptote of the two 
new hyperbolas (34 V 

3. If an angle of variable magnitude be made to turn round 
a fixed point on a hyperbola as vertex, intercepting on an asymp- 
tote a segment of a constant length, the chordsubtended by 
this angle will envelope a second hyperbola, to which the 
right line on which the intercepted segments are measured 
wfll also be an asymptote (35). 

4. If the sides of a variable anffle pass always through two 
fixed points on a hyperbola, whilst its vertex traverses the 
curve, the sides of this angle will respectively meet the two 
asymptotes in two points, and the right line joining these two 
points will envelope a conic section touching the two asymp- 
totes of the hyperbola (38). 

5. Two right lines being given, the geometric locus of the 

Soint, the rectangle under whose distances from the two right 
nes is constant, will be a hyperbola of which the two right 
lines are the asjrmptotes (40). 

VIII. 

GEOMETRIC LOCI RELATING TO ANY CONIC SECTIONS* 

The first three of the five preceding theorems give rise 
to new theorems, by means of the method of transforming geo- 
metrical relations which we have explained in a preceding 
Memoir ; these theorems, which relate to anyxonic section, 
are the following : 
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"1. If an angle of variable magnitude be made to turn 
round a fixed point as vertex, so that the segment which it in- 
tercepts upon a fixed axis may be of a constant length, the 
right Ime joining the two pomts in which the sides of this 
angle respectively meet two given right lines will envelope a 
conic section, which will touch these two right lines, and which 
will pass through the vertex of the moveable angle. 

" JThe tanffent to the curve at this point will be parallel to 
the axis on wnich the segments are measured." 

This proposition furnishes the solution of the following 
problem : 

" Given four tangents to a conic section, and the point of 
contact of one of these tangents, to determine all the other tan- 
gents of the curve, by the continued movement of a segment of 
a constant length along a fixed right line." 

" 2. If an angle of variable magnitude be made to turn 
round a point on a conic section as vertex, so that the segment 
which it intercepts upon a fixed axis paraJlel to the tangent 
at that point shall be of a constant lengtn, the chord subtended 
by this angle in the conic section will envelope a second conic 
section. 

** The point of concourse of the two tangents to the first 
conic section at the extremities of this chord will generate a 
third conic section. 

" These two new curves will touch the given one at the 
vertex of the moveable angle." 

^< 3. If an angle of variable ma^tude be made to turn 
round a fixed point on a conic section as vertex, whilst its 
sides intercept a segment of a constant length upon a parallel 
to the right line touching the curve at that point, and if 
through the points in which the sides of this angle meet a 
fixed tangent to the curve two new tangents be drawn, their 
point of concourse will generate a conic section, which will 
touch the given one at the vertex of the moveable angle." 

IX. 

PROBLEM RELATING TO THE ASYMPTOTES OF THE HYPER* 
BOLA, AND GENERAL PROPERTIES OF TRIANGLES. 

1. One of the asymptotes of a hyperbola being given, only 
three other conditions are required to determine the curve (43). 

2. If any transversal be drawn in the plane of a triangle, 
and on each side a point be assumed, wiiose distance m)m 
one of the two extremities of that side is equal to the distance 
of the other extremity horn the point in which the transveraal 
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meets tiiat side, the three points thus assumed will be in the 
same neht line (49). 

3. Tnis theorem furnishes the solution of the following 
problem : 

Given three points and one of the asymptotes of a hyperbola^ 
to find the second asymptote. 

4. If any number of triangles be circumscribed about a hy- 
perbola, and if we conceive as many hyperbolas to be circum- 
scribed about these triangles, having all of them a tangent of 
the given hyperbola for their common asymptote, aU these 
curves will pass through the same point (53), 

5. By means of the method of transforming geometrical re- 
lations which we have already employed ^No, v III. in this 
section) the preceding theorem (2) gives, nse to the following 
general property of triangles : 

" If through each vertex of a triangle two right lines be 
drawn, of which the first passes through a given fixed point, 
and the second is such that the angles, whicn these two right 
lines respectively make with the two sides of the triangle ad- 
jacent to the vertex, intercept equal segments upon a fixed 
transversal, the three right hues thus determinea will pass 
through the same point." 

x' 

ORGANIC DESCRIPTION OF THE PLANE CONIC SECTIONS. 

The two theorems (56) relative to the description of the 
spherical conies lead to the two following : 

1. If two angles of given magnitudes turn round two fixed 
points as vertices, so that the point of concourse of two of their 
sides traverses a right line, the point of concourse of their two 
other sides will generate a conic section, which will pass through 
the two fixed points. 

2. If along two fixed right lines two segments of given 
lengths be made to move, so that two of their extremities are 
always in the same right line with a fixed point, the right 
line joining their two omer extremities will envelope a conic 
section, which will touch the two fixed right lines. 

The first of these two theorems is that of Newton, and en- 
ables us to describe the conic section by points ; the second, 
which is new, furnishes a very simple construction of the tan- 
gents of the conic sections, as we shall presently see in the 
solution of the following problem : 

3. Problem. Given five tangents of a conic section, to de- 
termine all its other tangents by the movement of two recti- 
lineal segments along two fixed right lines. 
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Let A, B, c, D, B, be the five given riffht lines ; let us take 
the first two a, b, as the two fixed right lines along which 
the two segments are to move, and for the segments them- 
selves let us take the distances of the point of concourse 
of these two riffht lines from the points in wnich they are inter- 
sected by the Uiird right line c. These two segments must be 
made to move respectively alons the two right lines a, b, so 
that their extremities which berore lay upon the right line c, 
may fiedl upon the right line d, and again upon the right line 
b ; their two other extremities, which at first coincided with 
the point of intersection of the two right lines a, b, will suc- 
cessively determine two right lines d', e'. 

Let tne two semients move so that these same two extremi- 
ties may always be in the same right line with the point of 
intersection of the two right lines d^, e'; the right line joining 



the two other extremities of the two segments will assume 
the positions of the tangents to the required conic section. 

4. It is unnecessary to explain the construction b]r which, as 
a consequence from ^Newton's theorem, we determine all the 
points of a conic section subject to the condition of passing 
through five given points ; it would be a mere repetition of 
what we have already said in the solution of the same question 
with respect to the spherical conies (57). 

5. Before closing this Memoir, we may observe that the 
theorem (2), which enables us to construct the tangents of the 
conic sections, gives rise, by means of our method of transform- 
ing geometrical relations, to another theorem available in the 
construction of conic sections by points, and which, for this 
purpose, might take the place of ^Newton's theorem. 

This new theorem may be thus stated : 

<< If two angles intercepting segments of constant lengths 
upon a fixed axis turn round two fixed points as vertices, so 
that two of their sides always intersect upon a given right 
line, the point of concourse of their two other sides will gene- 
rate a conic section passing through the two fixed points. ' 

This theorem may be employed in the same way that 
Maclaurin, in his Organic Geometry, made use of Newton's 
theorem. 

6. In order to complete tbis chapter on the organic con- 
struction of conic sections we ought to add, that Newton's 
theorem also gives rise to a theorem relating to the construc- 
tion of the tangents of the conic section by the movement of 
two angles of constant magnitudes. This theorem may be 
obtained by a polar transformation, a circle being used as 
the auxiliary conic, as M. Poncelet has pointed out in his 
Memoire Sur la Theorie des Polaires reciproques ; we may 
state it thus : 
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tt llr Hiuiul M (Wt)(i polnti as vertex, two angles ^eonstant 
HtH||MtHMlit«t lidi mml«» to turu, so that the points in which two 
Mt {Mv ^\\\p^ **t»n|HH>tiwly meet two givai right lines are 
hKv^\ h \\\ \\\P m^\w ti|rkt line with a given point, the right line 
i\Uh(Ut li^^ )Hilul« Itt wUck the two other sides respectively 
H^^H^I Sis'^ m¥i^ l>N^ njftt^l luMS will eiivel<^ a oonic section 
V^UU^ xxiU hMK^i ltM«i^ tM t^t lilies.'* 



Digiti 



zed by Google 



NOTES AND ADDITIONS. 



Page 5, 5 6. — If through the vertex of a cone of the second 
degree right lines be drawn perpendicular to its tangent planes, they 
tnUform another cone, which will he of the second degree. 

The analytical proof of this proposition, though not quite so 
short, may appear to some readers more satisfactory than the geo- 
metrical one. 

Let 

be the equation of a cone ; the axes of coordinates being rectangular. 
Then the equation of a tangent plane at the point, {a^, y, z^) will be 

Now, the perpendicalar to this tangent plane, passing through 
the origin, makes angles with the axes of or, y, and z, whose cosines 

are respectively proportional to ~, ^, and — — ; but these cosines 

are also proportional to the coordinates x, y, z, of any point on that 
perpendicular. Hence we find a«x' + ^y« — c^z' zz: 0, for the equa- 
tion of the second or supplementary cone, which is of the second 
degree ; and its tangent plane at the point (x, y, z) is evidently 
perpendicular to the side of the given cone passing through the point 

Page 9, § 17. — The theorem stated in this paragraph is a case of 
the following general one : 

If two su^aces of the second order intersect along a plane curve, 
they will also intersect along a second plane curve, either real or 
imaginary. 

In order to prove this, let us take the plane of the first curve of 
intersection as the plane of xy : then the equations of the two 
surfaces being, 

Ajr»4-Ay4.A";8f«4-By«4-B'afj2r + B"afy4.c*4.c'y4--c";2r4-l=0, 

a^ ^. ay +a"«« + iy;8f4.^4r;y + 6"afy 4- caf+c'5f + c"ar 4- 1=0, 
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we must have the coefficients of the terms, independent otzy respec- 
tively equal in both ; since the traces of the two surfaces upon the 
plane of ^ are identical ; that is, we must have, 

A=za, V = a', b"=&", cz=c, c'^cf* 

Hence, subtracting and dividing by st^ we get, 

(a" — o")xf 4- (B - h)y + (b' — V)x 4- c" -c" = 0, 

which is the equation of a second plane, on which the surfaces inter- 
sect. 

The normal, at any point on the surface of a cone of the second 
degree^ meets the plane of its least section at the centre of the 
sphere^ passing through the two svibcontrary circular sections which 
intersect in the point at which the normal is drawn. 

It is easy to see that the centre of any sphere passing through 
two subcontrary circular sections, must lie in the plane of the least 
section of the cone : for the planes of the circular sections are per- 
pendicular to that plane, and their centres lie iu it. But further, if 
the two circular sections meet at a point on the surface of the cone, 
the sphere passing through them must necessarily touch the cone, so 
that its centre must lie on the normal at that point. Thus, we have 
proved that the centre of the sphere is at the point where the normal 
meets the plane of the least section of the cone. 

The preceding proposition leads to an easy and direct proof of the 
first theorem in No. 24, p. 13. 

Let va, vb, be the two sides of the cone contained in the plane 
of its least section ; and let ab, a'b', be the traces on this plane of 
the two subcontrary circular sections which pass through a point P on 
. the surface of the cone, if perpendiculars be drawn to ab, a'b', at 
their middle points M, m', they will meet at o, the centre of the 
sphere passing through the two subcontrary sections. 

Now, the plane touching the cone at P will also touch the sphere, 
and consequently it will be perpendicular to the radius op: therefore, 
the angles, which the tangent plane makes with the two planes of 
circular section, are respectively equal to the angles which op makes 
with OM, om' ; or, what is the same thing, to the angles aom, a'om'. 
But either the sum or the difference of these two angles is constant, 
and equal to the supplement of the angle avb. Hence we have 
proved that 

ITie sum or the difference of the angles^ which each tangent plane 
to a cone of the second degree makes with the two cyclic planes^ is 
constant. 

It is easy to extend to the surfaces of the second order in gene- 
ral, the construction just given for determining the centre of the 
sphere passing througn two subcontrary circular sections that meet 
at a point on the surface. 

Let 

M;8«4-My4.M"jr«4-N;8r4-N'y4-N"a?=0 (1) 

be the equation of the surfaces of the second order ; the axes of 
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coordinates being rectangular and parallel to conjugate diameters, 
and the origin on the surface. 

In this equation, without at all diminishing its generality, we may 
assume that M is intermediate between m' and m'', regard being had 
to the signs as well as to the actual magnitude of these coefficients : 
for this relation between m, m', m", may be always obtained by inter- 
changing the names of the coordinates. Let 

(^_;er')« + (y-y)« + (^-y)»_r«=:0 (2) 

be the equatiou of a sphere, in which ^,y, ^, r^ are indeterminate. 
Multiplying this latter equation by m, and subtracting from the for- 
mer, we get, 

(M'-M)y+(M"-M)^ + (N + 2M^X > ^ 

+ (N' + 2My)y + (N" + 2Ma/)^_M(;2?'«-|-y4.*«— r«)J 

If the indeterminate quantities in this equation, y, ^y s^^r^ be 
so assumed that it shall represent a system of two ptanes, these 
planes must intersect the given surface along two circles. Such a 
determination of ^, y\ s^^ r, may be effected in an infinite number 
of different ways ; but in all cases we must have 

N + 2M;y' = 0; (4) 

as appears from comparing equation (3) with the product of the 
equations of two planes : and this shows that all the planes of the 
circular sections are perpendicular to the plane of xy. 

The coefficient of z in equation (3) being thus made zr: 0, the 
conditions to be fulfilled, in order that it sh Jl represent two planes, 
are, 1st, that 

and 2nd, that the product (m— m') (m— m") may not be positive. 
This latter condition is already complied with, since M is intermediate 
between m' and m". 

The value of z being determined by equation (4) we still have 
three quantities, ^, y\ r, to dispose of, and may at once satisfy 
equation (5) by putting 

n' + 2My = 0, N" + 2Maf' = 0, ;zr'« +y' + a;«-r«=:0. 

By these assumptions, along with equation (4), the equation (3) 
is reduced to the form, 

(m' — M)y + (m" — m)^ = 0, 

representing two planes perpendicular to the plane of j?y, and whose 
traces on that plane make angles with the axis of x, the tangents of 

L 
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which are + V r» and — \/ -7. These values of the 

tangents must plainly he real. 

The values for the coordinates of the centre of the sphere, and 
for its radius, are next to be considered. The three equations, 

N4.2M;2f'=:0, N' + 2My = 0, n'' + 2m^ = 0, 

show that the centre is on the normal to the given surface at the 
origin : for ^, y, sf are proportional to n", n', n ; and the equation 
of the tangent plane at the origin is, 

Moreover, the equation, n -(- Sm^ = 0, shows that the centre of 
the sphere is in the principal plane of the surface, parallel to the 
plane of spy. 

Hence, we have proved that in general. 

The circular sections, passing through a given point on a sur^ 
face of the second order, may he determined by thefillomng construe^ 
Hon : At the given point tet a normal to the surface be drawn to 
meet the principal plane j to which the circular sections are perpen^ 
dicular : the point of intersection will be the centre^ and the normal 
itself vnU be the ramus, of the sphere which cuts the given swrface in 
the two circula/r sections parsing through the given point. 

In the analysis of this question there is one case which requires 
particular notice, viz. that of the hyperbolic paraboloid, where m' and 
M^^ have di£ferent signs, and m = 0. Here we have real values for 
the tangents of the angles between the planes of circular section and 
the axis of x : but the values of ^, y, z', become infinite, shewing 
that the sphere degenerates into a plane, and the circular into reetiH- 
near sections. 

Confined within the narrow limits of a note, I must either leave 
to the student, or defer until some other occasion, the fuller discus- 
sion of the analytical method which I have here used in determining 
the circular sections of the surfaces of the second degree. It will be 
found to conduct easily to many interesting results relative to these 
sections* 

If we are only allowed to assume that the circular sections of any 
surface of the second degree are perpendicular to one of its principal 
planes, we may apply to these surfaces in general the geometrical 
proof given above in the case of the cone. For the sphere which 
passes through two circular sections that meet at a point on the sur- 
face, must touch the surface, and its centre must therefore be on the 
normal to the surface at that point. And since the two circular 
sections are perpendicular to a principal plane, the centre of the sphere 
passing through them must lie in that plane. 

Page 12, § 22. These two theorems lead to the following pro- 
perties of cones having the same cyclic planes or the same focal 
lines. 
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When two oones of the leoond degree When two cones of the second degree 

have a common yertex and the same have a common vertex and the same 

c jclic planes, if a plane be drawn through focal lines, the angle contained between 

their vertex cutting the two cones, the two planes touching the two cones will 

sides along which it meets one cone be equal to that contained between the 

will respectively make equal angles with two other tangent planes which pass 

the sides of the other cone, through through the right line in which the two 

which the secant plane passes. former tangent planes intersect. 

Cones which have the same focal lines are called by M. Chasles 
biconfocal cones : in like manner, cones which have the same cyclic 
planes may be called biconcyclic cones. An investigation of the pro- 
perties of these latter would be found to guide the student to many 
new theorems analogous to those relative to similar and similarly 
placed conic sections. 

In future, for the sake of brevity, I shall dispense with the 
enunciation of those properties of cones of the second degree v?hich 
admit of being stated as properties of spherical conies : the latter 
mode of statement being in general more concbe, as v?ell as more 
readily understood. 

Pagb 14, § 25. — I have not succeeded in finding the elementary 
geometrical proofs, which M . Chasles has promised to give, of the 
two theorems contained in this paragraph. The following demon- 
stration of the theorem in the first column appears to be as simple as 
could be desired. 

Let APB, a'pb' be two circular sections of the cone, passing 

through a point p on its surface ; let ab, a^b', their traces on the 

plane of the least section of the cone, intersect in o ; and at p let 

tangents be drawn to the two circular sections, respectively meeting 

AB and a'b' in t and t'. Then op is parallel to the line in which 

the cyclic planes intersect, and the tangents pt, PT^ are parallel to 

the lines in which the tangent plane at P intersects the cyclic planes. 

But the angles opt, opt', are respectively double the angles pao, 

po , PO - . . , 

PA'o, whose tangents are — and -7- : and smce PO'rrAO.OB, the 
® AO a'o 

OB 

product of the tangents of the halves of opt, opt', is equal to — ^ 

which is constant : ob and oa' being to each other as the sines of 
the angles which the side of the cone ba' makes with the two cyclic 
planes. 

Page 48, § 6, 2nd Mem. — In his Histoire de la Geometries 
p. 236, M. Chasles informs us, that M. Magnus was anticipated in 
the discovery of the first of these two theorems by Fuss, a Russian 
geometer, who, in discussing the curve which is the locus of the 
vertices of all the spherical triangles having the same base and sum 
of sides, discovered that this curve is the intersection of a sphere 
with a cone of the second degree, whose vertex is at the centre of 
the sphere^iVbw Actcky tom. iii. a. d. 1787.) The formulae em- 
ployed by Fuss conducted him to the following result, which he calls 
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« mtunme memorahilem,^* viz. that if the sum of the sides be given 
equal to half the circumference of the sphere, the locus of the vertex 
will be an arc of a great circle, whatever be the base of the triangle. 
This is evident from the most elementary considerations of spherical 
geometry. M. Chasles observes (Histoire de la Geometrie, p. 239,) 
that M. Steiner was the first who proved that the base of a spherical 
triangle whose area and vertical angle are given, envelopes a spherical 
conic. 

Page 46, § 11 — From the two theorems in this article we may 
deduce the two following : 

If two spherical conies have the same 
foci, two arcs drawn from a point in 
the outer cwcve to touch the inner one 
make equal angles with the tangent to 
the outer conic at the point from which 
the tangents are drawn. 

These last two theorems are only particular cases of the two fol- 
lowing : 



If two spherical conies have the same 
cyclic arcs, every arc of a great circle 
touching the inner curve meets the outer 
one in two points which are equally 
distant £rom the point of contact. 



If two spherical conies have the same 
cyclic arcs, every arc of a great circle 
which cuts both of them intersects one 
curve in two points, which are equally 
distant from the points in which this 
arc meets the other curve. 



If two spherical conies have the same 
foci, the angle contained between two 
arcs touching the two curves wiU be 
equal to the angle between the two 
other tangent arcs which may be drawn 
to the conies from the same point. 



Page 47, § 14. — If M. Chasles had not restricted himself to the 
consideration of the hemisphere on which the conic is traced, (see 
page 45, § 10,) he might have stated the theorems in this article 
more elegantly. 

For each arc touching the conic meets a cyclic arc in two points 
diametrically opposite ; so that, if the points of intersection be rightly 
chosen^ we might assert that 



(1.) Two tangent arcs to a spherical 
conic intersect the two cyclic ares in four 
points, which lie in the circumference 
of a small circle, whose centre is the 
pole of the great circle passing through 
the two points of contact of the tangent 
arcs. 



The four vector arcs, drawn from 
the two foci of a spherical conic to any 
two points of the curve, will all touch 
the same small circle, whose centre is 
the point of concourse of the two arcs 
touching the curve at these two points. 



This mode of stating the preceding theorems is valuable, ; for 
from them we are led to those contained in § 16, by the aid of the 
following propositions, which are very useful in spherical geometry, 
and may be easily proved : 



(2.) If an arc of a great circle, passing 
through a fixed point on the surface of 
the sphere, intersect a given small cir- 
cle in two points, the product of the 
tangents of the semi-arcs, lying between 
these two points and the fixed point, 
will be constant. 



If from any point in a fixed arc of a 
great circle tangent arcs be drawn to a 
given small circle, the product of the 
tangents of the semi-angles, which 
these tangent arcs make with the fixed 
arc, will be constant. 
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Page 47, § 15. — These theorems might be readily deduced from 
those in No. 1 1, by the following method : 

Let o be the point of intersection of the cyclic arcs ; then, since 
the portion of a tangent arc ab, intercepted between the two cyclic 
arcs, is bisected at the point of contact p, the two consecutive tan- 
gents AB, a'b', must bisect one another in P ; hence, the elementary 
spherical triangles apa', bpb^ are equal, and the area of the whole 
triangle aob, will remain invariable ; the sum of its three angles is 
therefore constant : but the angle aob is fixed, therefore, the sum of 
the angles abo, bao, must be constant. Having proved the first 
theorem thus, we may deduce the second from it by reference to 
the supplementary cone. Precisely in the same way we might prove 
the first of the two following theorems, and then derive the second 
from it by means of the supplementary cone. 



If two spherical conies have the same 
cyclic arcs, any arc touching the inner 
carre, will cut off from the outer one a 
segment of a constant area. 



If from any point in the outer of two 
biconfocal conies, two tangent arcs be 
drawn to the inner curve, the sum of 
these two arcs and of the concave part 
of the circumference of the conic in- 
cluded between them will be constant. 



Page 47, § 17. — By means of the known formula 

sin s s\n(s—a) 



rA=- 



sin b sin c 



expressing the cosine of the half of one angle of a spherical triangle 
in terms of the three sides, we might at once show that if the base 
a and the sum of the sides 5, c, of a spherical triangle be constant, 
the product of the sines of the two arcs drawn from the extremities 
of the base perpendicular to the arc bisecting the supplement of the 
vertical angle is constant, and equal to 

sin*i(64-c) — sin*|a. 

Page 48, § 21. — It is evident that any arc, passing through a 
fixed point, and cutting a spherical conic and the polar arc of the 
fixed point, will be harmonically divided. 

Page 50, § 28. — If a plane quadrilateral be circumscribed about 
a circle, the angles which two opposite sides subtend at the centre 
will be supplemental. Hence we derive the following theorems : 

A spherical quadrilateral being cir- 
cumscribed about a spherical conic, if 
arcs be drawn from the pole of one of 
its cyclic arcs through the four vertices 
of the quadrilateral, so as to meet that 
cyclic arc, the arcs drawn to two adja- 
cent vertices of the quadrilateral will 
include between them a portion of the 
cyclic arc supplemental to that included 
between the two remaining arcs. 



A spherical quadrilateral b^ing in- 
scribed in a spherical conic, if arcs be 
drawn from one focus to the four points 
in which the four sides meet the corres- 
ponding director arc, the portion of 
that arc included between two adjacent 
sides of the quadrilateral will subtend 
at the focus an angle supplemental to 
that subtended by the portion of the 
director arc included between the two 
other sides. 
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Page 50, § 29. — From the theorems in this article we may de- 
duce two others, which are most powerful instromeuts in discnsrang 
questions of spherical geometry. 

It is easy to show that if four arcs diverging irom the same poinl 
o be cut in the points a, b, c, d, by any fifth arc, we shall always hare 

sin AB sin CD sin aob sin cod 



sin ad sm BC sm add sin Boc 

or, as M. Chasles designates it, the anharmonic reUUum of the four 
points is the same as that of the four arcs. 

Hence we arrive at the following theorems : 

( I .) If firomfour fixed pointson a sphe- If four fixed tngent arcs be drawn 
rical conic arcs be drawn to any fiflli to a spherical conic, any filth tangent 
point on the cnnre, their anharmonic arc will cut them in four points, the 
relation will be constant. anharmonic rdation of which win be 

constant. 

The first of these theorems, or rather its converse, may often be 
used with success when we have to investigate the locus described by 
the vertex of a spherical triangle,two of whose sides pass through two 
^j.ed points p, p', whilst it abo fulfils some other conditions. Let c, c', 
c^^ c'^'^ be four positions of the vertex ; then, if we can show that the 
anharmonic relation of the arcs PC, PC^ pc^^, PC^^', is the same as that 
of the arcs p'c, p'c', p'c", p'c'", it JFollows that the locus of c will be a 
spherical conic passing through the points P, p'. 

And in like manner, the second theorem may be employed as ad- 
vantageously in ascertaining the envelope of the base of a spherical 
triangle, two of whose angles a, b, are on given arcs L, l', and which 
is further limited by some other conditions. Let A, a', a'', a''\ be four 
positions of one angle, and B, b', b'', b''', the four corresponding posi- 
tions of the other, then, if we can show that the anharmonic relation 
of A, a', a'', a''', is the same as that of B, b', b'', b''', the six arcs ab, 
a'b', a''b'', a'",b"% l, l^ must all touch the same spherical conic, which 
will be the required envelope. In what follows we shall give several 
examples of the application of these principles. 

Six points, a, a', b, b', c, c', lying in the arc of a great circle, 
and corresponding to each other two by two, are said to be in tnvo- 
lution, when the anharmonic relation of four of them is the same as 
that of their four conjugates : 

For instance, if the anharmonic relation of A, B, c, c', is the same 
as that of a', b', c', c,the three couples of points a, a', b, b^ c,c', are in 
involution. And it may be proved that if this relation holds for one 
set of four noints and their conjugates, it will also hold for any other : 
that is, if the anharmonic relation of a, b, c, c^ is the same as that of 
a', B'y c\ c, we shall also have the anharmonic relation of A, b, c, b'^ 
the same as that of a^ b^ c^, b, and so on. 

Again, from the deGnition which has been given for the involution 
of six points, it may be shown that if there be three or more couples 
of points such, that the first two couplesi taken along with any other 
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couple, form a system in involution, any three of these couples will 
likewise form a sytem in involution. 

Three couples of arcs which pass through the same point are said 
to be in involution, if the anharmonic relation of any four of them is 
the same as that of their four conjugates : and such a system possesses 
properties anaiagous to those of a system of six points in involution. 

^ Using the preceding definitions and properties of systems of 
points or arcs in involution, we may deduce the following theorems : 



(2.) A spherical quadrilateral being 
inscribed in a conic, any transversal 
arc will cut the curve and the four sides 
of the quadrilateral in sU points, which 
are In involution. 



A spherical quadrilateral being cir- 
cumscribed about a conic, the four arcs 
drawn to its four vertices from any 
point without the curve, taken along 
with the two tangent arcs drawn from 
the same point, form a system of six 
arcs in involution. 



The theorem in the first column may be thus proved. Let the trans- 
versal arc meet two opposite sides of the quadrilateral, cuiy &c, in a, a^, 
the two other sides a&, cd^ in B, b', and the conic in c, c' ; then, by 
the first of the theorems (1), the anharmonic relation of the four arcs 
drawn from a to d, c, 6, c% is the same as that of the arcs drawn from 
c to by c', «^ c ; therefore the anharmonic relation of the points a, c, b, 
c^ is the same at that of A^, c^, a', c ; hence the points A, a', b, b% 
c, c\ are in involution. 

From the preceding we may successively deduce the following 
pairs of theorems: 



(3.) Two spherical conies being cir- 
cumscribed about a spherical quadri- 
lateral, any transversal arc of a great 
circle meets the two curves, and also 
two opposite sides of the quadrilateral 
in six points, which are in involution. 

(4.) Three spherical conies being 
cireumscribed about the same quadrila- 
teral, any transversal arc of a great 
circle meets the three curves in six 
points, which are in involution. 



Two spherical conies being inscribed 
in a quadrilateral, four tangent arcs 
drawn to them from the same point, 
together with the two arcs drawn from 
the same point to two opposite vertices 
of the quadrilateral, form a system of 
six arcs in involution. 

Three spherical conies being in- 
scribed in the same quadrilateral, the 
six tangent arcs, drawn to them from 
any point, will form a system of six 
arcs in involution. 



Pagb 51, § 32. — To the theorems contained in this section we 
may be permitted to add the following, which are derived from known 
properties of the circle. 

(1) The angle which an arc of a circle subtends at the centre is 
double of that which it subtends at any point in the remaining part of 
the circumference. Hence, 

If from two fixed points on a spheri- If any tangent arc be drawn to a 

cal conic arcs be drawn through any spherical conic, intersecting two fixed 

third point on the curve, they will tangent arcs in two points, and through 

include between them, on one of the these points arcs be drawn to one of the 
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cyclic arcs, a portion which will be 
the half of that incladed between two 
arcs drawn from the two fixed points 
through the pole of the cyclic arc. 



foci of the conic, they will contain be* 
tween them an angle which will be the 
half of that contained between the two 
vector arcs drawn to the points of con- 
tact of the fixed tangent arcs. 



(2.) The portion of a tangent to a circle intercepted between 
two fixed tangents, subtends a constant angle at the centre. Hence 



If two fixed tangent arcs be drawn 
to a spherical conic, and any third tan- 
gent arc be drawn meeting them in two 
points, the arcs passing through these 
two points and through the pole of a 
cyclic arc, will intercept on that cyclic 
arc a portion of a constant length. 



If from two fixed points in a spheri- 
cal conic arcs be drawn to any third 
point on the curve, and produced to meet 
one of the director arcs, they will in- 
tercept between them, on that director 
arc, a portion which will subtend a 
constant angle at the corresponding 
focus. 



(3.) If from any point in a given right line tangents be drawn to 
a given circle, they will make with the given right line angles the 
product of the trigonometric tangents of whose halves is constant. 
Hence, 



If from any point in a fixed arc two 
arcs be drawn touching a given spheri- 
cal conic, they will intersect either of 
its cyclic arcs in two points, such that 
the product of the trigonometric tan- 
gents of the halves of their distances 
from the point in which the fixed arc 
meets the given cyclic arc will be con- 
stant. 



If through a fixed point on the sur- 
face of the sphere any arc be drawn 
meeting a spherical conic in two points, 
the arcs drawn from either focus to 
these two points will make, with the 
arc drawn from the same focus to the 
given point, two angles, the product of 
the trigonometric tangents of whose 
halves will be constant. 



(4.) If any right line be drawn through a fixed point in the 
plane of a given circle, intersecting it in two points, the radii drawn 
to these points will make angles with the radius passing through 
the given point such that the product of the trigonometric tangents 
of their halves will be constant. Hence we derive the two follow- 
ing theorems : 



If any arc be drawn through a fixed 
point, intersecting a given spherical 
conic in two points, the arcs drawn 
through these two points and through 
the fixed point from the pole of one of 
the cyclic arcs of the conic will meet 
that cyclic arc in three points, such that 
the product of the trigonometric tan- 
gents of the halves of the distances of 
the first two from the third will be 
constant. 



If from any point in a fixed arc 
tangent arcs be drawn to a given 
spherical conic, and arcs be drawn 
from one of the foci to the points in 
which these tangent arcs meet the 
corresponding director arc, these vec- 
tor arcs will make, with the vector arc 
drawn to the point in which the fixed 
arc meets the director arc, two angles, 
the product of the trigonometric tan- 
gents of whose halves will be constant. 



(5.) A plane triangle being inscribed in a circle, if from any 
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point p in the circumference right lines pa, p^, tc^ be drawn, re- 
spectively meeting the three sides bc, ca, ab, and making with them 
equal angles on the same side of the lines pa, p^, p^, then the three 
points, a, d, ^, will lie in the same straight line. Hence, 



If the three sides, a, 6, c, of a spheri- 
cal triangle inscribed in a conic, be 
successively produced to meet one of 
the cyclic arcs in the points a, /3, y, and 
equal portions aX, /3/tc, yv, be measured 
on the cyclic arc in the same direction, 
arcs drawn from the points X, fi, v, 
through any point on the cvarye will 
meet the sides a, b, p, in three points 
lying in the arc of a great circle. 



From the three yertices of a spheri- 
cal triangle abc circumscribed about a 
conic, if arcs be drawn to one of the 
foci F, and three other vector arcs rZ, 
Fin, Fn, be drawn so that the angles 
afZ, BFfft, cFn, may be ^qual and lie at 
the same side of the arcs fa, fb, fc ; 
these three arcs, fZ, vm, Fn, wiU meet 
any tangent arc in three points 7, m, n, 
such that the arcs aZ, Bm, en, will pass 
through the same point. 



Pagb 51, § 33. — Two right lines and a fixed point being given, 
if a constant angle be made to turn round this point as vertex, the 
right line joining the points in which its sides meet the two given 
right lines will envelope a conic section (p. 62, iii. 1). Hence, 



*If a variable spherical angle turn 
round a fixed point on the surface of a 
sphere so as to intercept between its 
sides a constant segment on a given arc, 
the arc joining the points in which its 
sides meet two other fixed arcs will 
envelope a spherical conic touching 
those two fixed arcs. 



If a constant spherical angle turn 
round a given point as vertex, the arcs 
joining the points in which its sides 
meet a fixed arc with two other fixed 
points wiU intersect in a point, the 
locus of which will be a spherical conic 
passing through those two fixed points. 



Page 53, § 38. — ^The theorems contained in this article might 
be stated more generally as follows : 



If two arcs be made to turn round 
two fixed points on a spherical conic, 
so as to intersect in any third point of 
the curve, the arc joining the points in 
which they respectively meet two fixed 
arcs will envelope a spherical conic 
touching these two fixed arcs. 



Two fixed tangent arcs being drawn 
to a spherical conic, any third tangent 
arc will intersect them in two points, 
and the arcs respectively drawn through 
these points and through two fixed 
points will intersect in a point the locus 
of which will be a spherical conic pass- 
ing through the two fixed points. 



The principles stated in page 78 furnish us with easy proofs 
of these theorems ; that in the first column may be proved thus : 
Let p, p', be the two fixed points ; c, c', c", c'", four other points 
on the curve ; then, since the anharmonic function of the arcs pc, 
pc', Pc'', PC'", is the same as that of p'c, p'c', p'c", p'c"', the an- 
harmonic function of the four points a, a', a", a'", in which pc, 
pc', PC", Pc"', intersect one given arc, will be the same as that of 
the four points b, b', b", b'", in which p'c, p'c', p'c", p'c'", meet 
the other given arc; therefore, the arcs ab, aV, a"b", a'"b'", are 
tangents to a spherical conic touching the two given arcs. 
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The theorem in the second column might he similarly proved, 
or we may infer it from the first hy reference to the supplementary 
cone. 

Page 53, § 39. — Since the arc which hisects any angle of a 
spherical triangle divides the opposite side into segments, 9ie sines 
of which are proportional to the sines of the conterminous sides, 
we infer from the theorem in this article, that 

If the base of a spherical triangle be If the Tertioal angle of a spherical 
giyen, and also the ratio of the sines of triangle be given, and also the ratio of 
the two remaining sides, the locos of the sines of the two remaining angles, 
the vertex will be a spherical conic, the base will enyelope a spherical conic, 
whose cyclic arcs will be in the two whosefoci will be the extremities of the 
planes perpendicular to the radii of the radii of the sphere perpendicular to the 
sphere drawn to the points which di- planes of the two arcs which divide the 
vide the given base internally and ex- given vertical angle internally and ex- 
ternally, so that the sines of the seg- temally, so that the sines of the seg- 
ments may be in the given ratio. ments may be in the given ratio. 

Page 53, § 40. — ^The theorem in the second column shows that 
if the hase of a spherical triangle he given, and also the product of 
the cosines of the two remaining sides, the locus of the vertex will 
be a spherical conic. 

Page 53, § 42. — To the theorems given by M. Chasles in this 
section, we may add the following : 

(1). The chord in a circle joining the extremities of two radii 
which contain between them a constant angle envelopes a circle 
concentric with the given one. From this property of the circle we 
derive the following theorems relative to spherical conies. 

A spherical conic and one of its cyclic A spherical conic and one of its foci 

arcs being given, if round the pole of . being given, if round that focus, as ver- 

this cyclic arc, as vertex, a spherical tex, a constant spherical angle be made 

angle of variable magnitude be made to to turn, and from the points in which 

turn, whose sides intercept between the sides of this angle meet the director 

them on the cyclic arc a portion of a arc corresponding to the given focus 

constant length, the arc joining the two tangent arcs be drawn to the given 

points in which the sides of the movea- conic, their point of concourse will ge- 

ble angle meet the given conic will en- nerate a second spherical conic, 
velope a second conic. 

The given cyclic arc will be a cyclic The given focus wiU be a focus of the 

arc of the new conic ; and this arc will new conic ; and the corresponding di- 

have the same pole with relation to the rector arc will be the same for the two 

two curves. curves, 

(2). If right lines be drawn from two fixed points in the circum- 
ference of a circle through the extremities of any diameter, they 
will intersect in a point the locus of which will be circle, which 
passes through the two fixed points, and whose centre is the pole of 
the right line joining them. Hence we derive the following 
theorems. 
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A Spherical conic uid one of its 
cyclic arcs being given, if arcs be drawn 
from two fixed points on the curve to 
the extremities of any arc passing 
through the pole of that cyclic arc, 
and terminated by the curve, they will 
intersect in a point the locus of which 
will be a second spherical conic. 

The given cyclic arc will be a cyclic 
arc of the new conic, and its pole, with 
relation to that curve, will be the same 
as the pole, with relation to the given 
conic, of the arc joining the two fixed 
points. 



A spherical conic and one of its foci 
being given, if tangent arcs be drawn 
to the curve from any point in the cor- 
responding director arc, the arc joining 
the points in which these tangent arcs 
meet two fixed tangent arcs will en- 
velope a second s[Aerioaloonic* 

The given focus will be one of the 
foci of the new conic, and its corres- 
ponding director arc, for that curve, will 
be the arc joining the points of con- 
tact of the two fixed tangent arcs. 



(3). The principles stated in page 78 furnish us with easy 
proofs of the following theorems : 



In a spherical triangle, if the base 
and the difference of the base angles 
be given, the locus of the vertex will 
be a spherical conic, passing through 
the extremities of the given base. 



In a spherical triangle, if the verti- 
cal angle and the difference of the sides 
containing it be given, the base will 
envelope a spherical conic touching the 
two sides which contain the given angle. 



(4). If two tangents to a parabola intersect at a constant angle, 
the radii vectores dbrawn from the focus to the two points of contact 
will also contain between them a constant angle. But in any conic 
section the point of concourse of the tangents at the extremities of 
two focal radii vectores, which contain between them a constant 
angle, will generate a conic section, (see page 62, iii. 2). Hence 
we derive the following very general properties of spherical conies : 



If two tangent arcs to a given spheri- 
cal conic intercept between them a 
segment of a constant length on a fixed 
tangent arc to the curve, their point of 
concourse will generate a second spheri- 
cal conic. 

If the segment intercepted on the 
fixed tangent be a quadrant, the point 
of concourse of the two tangent arcs 
will move along an arc of a great circle. 



If a Qonstant spherical angle turn 
round a fixed point on a given conic, 
as vertex, the arc joining the points in 
which its sides meet the curve will 
envelope a second spherical conic. 

If the constant spherical angle be a 
right angle, the arc which it subtends 
in the spherical conic will pass through 
a fixed point. 



(6). From the theorem in the second column it api>ears that if a 
constant angle turn round a fixed point on a conic section as vertex, 
the chord which it subtends will envelope a second conic section. 
Hence we deduce the following theorems : 



If a variable spherical angle turn 
round a fixed point on a spherical conic 
so that the segment intercepted between 
its sides on a fixed arc may be of a 
constant length, the arc joining the 



If a constant spherical angle turn 
round a fixed point as vertex, and if 
from the points in which its sides meet 
a fixed tangent arc to a given spherical 
conic two arcs be drawn touching the 
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points io which these sides meet the curve, their point of concourse wiD ge* 
conic will envelope a second spherical nerate a second spherical conic, 
conic. 

(6). Again, from the second of these latter theorems we learh, 
that if a constant angle turn round a fixed point in the plane of a 
conic section as vertex, and if from the points in which its sides 
meet a fixed tangent two other tangents he drawn to the curve, their 
point of concourse will generate a second conic section. From this 
we deduce the following theorems : 

If a variable spherical angle turn If a constant spherical angle turn 

round a fixed point on the surface of a round a fixed point on the surface of 

sphere so that the segment intercepted a sphere, and, from the points in which 

between its sides on a fixed arc may be its sides meet a fixed arc, two arcs be 

of a given length, and if, from the points drawn to a fixed point on a given 

in which its sides meet a fixed tangent spherical conic, the arc joining the 

arc to a given spherical conic, two other points in which these two arcs meet 

tangent arcs be drawn to the curve, the curve will envelope a seconcL spheri* 

their point of concourse will generate cal conic, 
a second spherical conic. 

As before, we might, from the theorem in the second column, 
deduce a property of the plane conic sections, and from it in turn 
derive a pair of theorems relating to spherical conies. - In fact there 
is no limit to the number of theorems which might be obtained in 
this way. 

Pagjs 58, § 56, — ^The following theorems, which are more ge- 
neral than those given by M. Chasles in this article, may be proved 
by means of the principles laid down in page 78. 

If any two spherical angles, each of If along two fixed arcs any two seg- 

invariable magnitude, turn round two ments, each of invariable magnitude, 

fixed points as vertices, so that two of be made to move, so that the arc join- 

their sides intersect on a given spheri- ing two of their extremities may be a 

cal conic passing through the two fixed tangent to a given spherical conic which 

points, the point of intersection of their touches the two fixed arcs, the arc 

two other sides wiU generate a spheri- joining their two other extremities wiU 

cal conic, which will pass through the entelope a spherical conic which wiU 

two fixed vertices of the moveable touch the two fixed arcs along which 

angles. the segments move. 

The first theorem may be proved in the following manner : 
Let p, p', be the two fixed points round which the constant 
angles, mpc, mp'c, turn ; let m, m', m", m"', be four points on the 
given conic, and c, c', c'', c"', four positions of the point the locus 
of which is sought. Then, since the angles mpc, m'pc', m"pc", 
m'"pc'", are equal, the anharmonic relation of the arcs pm, pm', 
pm'', pm"', is the same as that of the four arcs, pc, pc^ pc", pc'" ; 
and since the angles mp'c, m'p'c', m^p'c", m"'p'c"% are equal, the 
anharmonic relation of the four arcs, p'm, p'm', p'm'', f'm"', is the 
same as that of the four arcs, p'c, p'c', p'c", p'c'". But by the first 
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theorem given in the note to page 50^ § 29, the anhannonic relation 
of PM, pm', pm'', pm"', is Ae same as that of p'm, p'm', p'm'', p'm'" ; 
hence the anharmonic relations of the two systems of arcs pc, pc', 
pc'^ PC"', and p'c, p'c', p'c", p'c'", are the same: consequently a 
conic section will pass through the points p, p', c, c', c", c'". 

The second theorem might be proved in a similar manner, or 
we may derive it from the first by means of the supplementary 
cone. 

Page 66, cap. viii. — ^The theorems contained in this chapter are 
deduced by M. Chasles from preceding ones by means of that par- 
ticular polar transformation in which a parabola is used as the 
auxiliary conic. — (See Qtietelefs Correspondance Mathematique et 
Physique, Tom. V. p. 281.) 

We may, however, arrive at them without having recourse to 
this method. 

The first follows immediately from the theorem given in the 
note to pa^e 51, § 33. 

The second and third are particular cases of the theorems re* 
lative to the plane conic sections which may be derived from the 
theorems (5) and (6) first column, in the note to page 53, § 42. 

Paob 68, cap. ix. § 5. — ^This theorem, which M. Chasles ob- 
tains by a polar transformation, follows directly from that given in 
page 63, cap. iv. § 6. 

Pagb 69, cap. x. § 5. — The theorem which M. Chasles here 
gives for the construction of the conic sections by points admits of 
a great extension. 

If two spherical angles, which intercept segments of constant 
lengths on two fixed arcs, tui^ rourd two fixed points as vertices, so 
that two of their sides always inte^^sect upon a given spherical conic 
parsing through the two fixed points, the point of concourse of their 
two other sides will generate a second spherical conic passing through 
the two fixed points. 

This may be readily proved. For let p, p', be the two fixed 
points, and mpc, mp'c, the two constant angles : let if, m^ m", m'^', 
be four points on the given conic, and c, c', c", c'", four positions 
of the point whose locus is sought, then the anharmonic relations 
of the two systems of arcs, pm, pm', pm'', pm'", and pc, Pc', pc'% 
pc"', must be the same; since the angles mpc, m'pc', m"pc", 
H^'pc"', intercept equal segments on the same arc. For a similar 
reason, the anharmonic relations of the two systems p'm, p'm', 
p'm", p'm"', and p'c, p'c', p'c", p'c"', must be the same: but 
since the systems pm, pm', pm", pm'", and p'm, p'm', p'm", p'm'", 
have the same anharmonic relation, it follows that the two systems 
PC, Pc', Pc", Pc'", and p'c, p'c', p'c", p'c'", must also have the 
same . anharmonic relation: so that a spherical conic must pass 
through the six points p, p', c, c', c", c" 
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Page 70, cap. x. § 6. — ^This last theorem may also l»e ex- 
tended. 

If two sphericcd angles of constant magnitudes be made to turn 
round two fixed points ^ so that the arc joining the points in which 
two of their sides respectively meet two fixed arcs, may always he a 
tangent to a given spherical conic touching those two fixed arcs, the 
arc joining the points in which the two other sides respectively meet 
the same two arcs will envelope a second spherical conic, which wiU 
also touch these two fixed arcs» 

For let p, p', be the two fixed points, round which the constant 
angles ap«, bp^/3, turn; a«, ByS, being the two fixed arcs. Let 
a', a", a'", be three other positions of Qie point a, and of, <»", «'", 
b', b'% b''', /3', /8", y8'^', the corresponding positions of the points 
ff, B, /3 ; then the anharmonic relations of the two systems of points 
A, a', a'', a'", and a, «', »'', «''', are the same : likewise the anhar- 
monic relations of b, b', b", b'", and /3, /3', y8", fi''\ are the same : 
but if ab, a'b', a''b'', a"'b'^', be tangents to the same conic which 
touches the two arcs Act^ and ByS, the anharmonic relations of the 
two systems A, a', a", a"', and b, b', b", b'^', will be the same, 
and therefore a, «', «", »"', and fi, fi\ /8", yS'", will be similar systems ; 
consequently the arcs a^, affi\ a''/8'', a"^/8"', must all be tangents to 
aspherical conic which touches the two arcs a«, Bfi, 

The theorem just proved might have been deduced from the one 
contained in the preceding note, by employing two supplementary 
cones. 
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ON THB APPLICATION OF ANALYSIS TO SPHERICAL GEOMETRY. 

§ 1. — On the Use of Spherical Coordinatesm 

As the posidon of a point on a plane is determined by reference 
to two fixed right lines, or axes of coordinates, in that plane, so the 
position of a point on tiie surface of a sphere may be determined by 
referring it to two fixed arcs of great circles. 

Through a point o on the surface of a sphere, which we shall call 
the origin^ let two fixed arcs of great circles ox, oy, be drawn, and 
let the points x and y be 90^ distant from o ; then if arcs be drawn 
from Y and x through any point p on the sphere, and respectively 
meeting ox and oy in m and n, the trigonometric tangents of the 
arcs OM, ON, are to be considered as the spherical coordinates of the 
point p, and we shall denote them by or and y. To the fixed arcs I 
propose to give the name of arc* of reference. 

If the arcs ox, oy, xn, ym, be projected, by means of radii of 
the sphere, into right lines upon a tangent plane at the point o, the 
projections of the arcs xn, ym, will be respectively parallel to the 
projections of ox and oy ; consequently, the projections of the arcs 
OM, ON, which are the trigonometric tangents of those arcs, or the 
spherical coordinates of the point p, are the rectilinear coordinates, 
in the tangent plane, of the projection of the point p ; the axes of 
coordinates being the projections of the arcs of reference. This 
consideration leads to an important consequence, viz. : that an equa- 
tion of the n<* degree between the spherical coordinates » andy repre- 
sents a curve firmed hy the intersection of the sphere with a cone of 
the n'* degree having its vertex at the centre of the sphere. 

Each side of such a cone would meet the surface of the sphere 
in two points diametrically opposite, which, however, will have the 
same spherical coordinates since tan zntan (180^ 4* ^)* 

Thus the equation of the first degree between x and ^ represents 
an arc of a great circle. An equation of the second degree repre- 
sents a spherical conic, and so on. 

In what follows, for the sake of simplicity, I shall suppose the 
arcs of reference to be at right angles to each other. In this case 
the arcs pm, pn, are perpendicular to ox and oy, and I call such a 
system of spherical coordinates rectangular. 
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$ 2. — ne Equation tfan Arc of a great Circle. 
The equation of the first d^;ree between x andy may in general 
be written in the fonn 

iar + /8y=L (1) 

The great circle, represented bj this equation, meets the arcs of 
reference in two points, the cotangents of whose distances from the 
origin are, « and ^. Hence, denoting the coordinates of the pole of 
this great circle by j/ andy, we shall have 

*'= — «andy= — /S. (2) 

It appears from this that if « and iS, instead of being fixed, are 
merely connected by an equation of the first degree, the great circle 
(1) will turn round a fixed point. If the equation connecting « and 
/S be of the second degree, the great circle will envelope a spherical 
conic. And, in general, if « and /8 be connected by an conation of 
the n^ degree, the great circle will envelope a spherical curve to 
which n tangent arcs may be drawn from a point without it. For 
the pole of this great circle will generate a curve formed by the in- 
tersection of the sphere with a cone of the n^ d^ree, and as a 
transversal arc of a great circle may meet this curve in n points, the 
great circle (1) may assume n different positions whilst it passes 
through the same point 

But the general equation of the first degree may be written in 
the form 

y = mx^n (3) 

and it is desirable to explain the geometric meaning of the constants 
m and n. As to n, it is evidently the coordinate of the point in which 
the great circle (3) meets the y arc of reference. 

If we take another great circle whose equation is y =r nur, and 
seek the coordinates of the point in which this great circle meets 
the circle (3), we should find infinite values for z and y. These 
two great circles will therefore intersect on the great circle of which 
the origin is the pole : and, consequently, in the equations of two 
arcs of great circles y miwr + n, yz=,m'x + n', if wi := m', these 
two arcs will pass &rough the same point in the great circle of 
which the origin is the pole. Another geometric meaning may be 
given to the constant m : for * and fi are evidently proportional to 
the cosines of the angles which the arc (1) makes with the arcs of 

reference, and m = — --. 

The equation of an arc of a great circle passing through a fixed 
point 4?^,^', is 

y-y=i»(^-.^) (4) 

where m is indeterminate ; and the equation of the great circle 
passing through two given points x'^ y, and ^', y, is 
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§ 3. To express the Distance between two Points on the Sphere 
in Terms of their Coordinates x'^ y', and x^^ y". 

Let ) be the distance between the points ; ^' and ^" their dis- 
tances from the origin ; and m', m'\ the angles which ^' and #" make 
with Ae X arc of reference. Then we shall have the following 
equation 

cos ) = cos ^' cos ^" + sin ^' sm ^" cos («»"-«»'), 

but we also have 

cos m'-zzx' cot ^ cos m" := x" cot ^" 
sin «»' =: y cot ( sin *" = y cot ^" 

and by squaring these last equations and adding them two by two 
we shall find 

1 , 1 

cos ^ = and cos %" -=. 



sm 



± Vl + ^'*4-^^ ± Vl 4- ^'^ +y*' 

Substituting from the last six equations in the preceding one we 
obtain^ 

cos ) = . . •-^-— ^^^ (6) 

From this we get the following formulae which are more generally 
useful, 

in3= ± V^ (^^ - ^0' + ^3" - yy + W' - ^'yj /yx 

^ (1 + *'* + 2^") (1 + ^'^ +y'') 
..^^- - ^i^" - ^y + y^ - yy + (^y ^ - ^W^ ,ox 

~ i + ^'^^'+yy ^^^ 

The last three formulae have double signs, because they give 
the distance of the point or', y , from the point diametrically opposite 
to x'\ y, as well as from the point ^', y itself. And it must sJso 
be remembered that two points on the surface of a sphere may be 
joined by two different arcs of great circles, which taken together 
make up the whole circumference of a great circle. 

§ 4—- To express the Length of the Arc a, drawn from a given 
Point x',y'y at right Angles to the Arc of a great Circle whose Equa- 
tion is axJ^ /3^= 1. 

The required arc is the complement of the distance of the given 
point from the pole of the given circle, whose coordinates are — u, 
and — /3 ; substituting these values for x", y" in (6) we find, 
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«i^^=±7(i+«« + ^)(i+*'«+y«)- <^^ 

§ 5.— To express the Angle 6 between two Arcs whose EquatUms 
are uX'\'fiyzz I and »'a + yS'yzz 1. 

Since the angle between the arcs is equal to the distance between 
their poles, we find from (6) 

costfm _. , C*Uj 

±V(l+»« + ^)(l + «'«+/3'0 ^ 

This formula shows that the two arcs will be at right angles to 
each other if 

l + mJ+fifi' = o. (11) 

§ 6. — To find the Equation of the great Circle passiw through 
the Point ai ^ y^^ and perpendicular to the Arc whose Equation it 

The great circle whose equation is required must pass through 
the pole of the given great circle, as well as through the pomt 
^7 V ' hei^cc ^i^om (5) it appears that its equation will be 

. § 7.— Tran^brmation of spherical Coordinates* 
Spherical coordinates may be transformed by assuming a new 
origin and new arcs of reference. It is not, however, very easy to 
establish the general formulae which enable us to pass from any one 
system of spherical coordinates to another. I have investigated 
these formulse and will furnish them on another occasion, having 
at present no need to employ any but the simplest modes of trans- 
formation. In the first place, the formulae which are to be used, in 
passing from one system of rectangular coordinates to another, 
whilst the origin remains the same, are 

dr = ii/cos«— ^sin « ^jqn 

y=y'cos«+ i'sin* ^ ^ 

« being the angle between the given and the new reference arcs of 
a. This becomes evident if we project the two systems of arcs of 
reference into right lines upon the tangent plane at the common 
origin. Next, we may change the origin, whilst the reference arc ot 
X remains the same ; the new system of coordinates as well as the 
given one being rectangular. The formulae for this transformation 
are 

oi + tan a y' sec a. 

^-l^a^'tana ^""l - ar'tana ^^^^ 

where «, denotes the distance between the two origins. 
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To prove this, let ox, oy, be the given arcs of reference, and 
o'x, o'y, the new ones ; and from any point p draw arcs PM, pn, 
ph', respectively perpendicular to ox, oy, o'y; then, as the arc pm 
passes through y 

tan yk' cos pyn' cos o'm 



tan YN cos PYN cos (oo' + o'm) ' 

hence, since cot yn, cot yn' are respectively equal to y and y' 
od zna^ and tan o'm = x\ we get 

y^sec^ ^ 

*^""l-«'tan** 

also, since om = oo' + o'm, 

tan oo' + tan o'm 

tan om = T — ; 1-77 r- 5 

1 — tan oo' tan o'm 

therefore 

, _ a?' 4- tan « 



x\ 



1 — a:' tan « 



In like manner, if we wished to transfer the origin to a point on the 
y arc of reference, that arc being still retained, and the new system 
of coordinates being rectangular, we should have to use the for- 
mulae, 

_^sec^ y + tan^ 

1-y tan/3' ^ l-ytan/8' ^^ 

where /S denotes the distance between the origins. 

§ 8. — A Curve on the Surface of the Sphere being represented 
hy an Equation hetioeen spherical Coordinates^ to determine the 
Equation of the great Circle touching it at a given Point ^, y. 

The equation of a great circle, passing through the points a', y'y 
and i?", y, on the curve, is 

^— a;' *" — a;'* 

and if jr'', ^" approach indefinitely near to «', y , this equation be- 
comes 

This is the equation of the tangent arc at the point x\ y' : we may 
put it into the following symmetrical form : 

^'^^■■■4. ■.^'^^'..■=1. (17) 



x'dy' — y'dx' "^ y'dx' — x'dy* 
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The formulae (16) and (17) will evidently hold good whether 
the arcs of reference be rectangular or not. 

§ 9. — To determine the Equation of the normal Arc to a sphe- 
ricai Curve at a given Point x\ y'> 

It appears from (12) that the equation of the arc passing through 
the point ^, ^', and perpendicular to the arc whose equation is (17) 
will be 

(y— y) [rfy +^'(«'^y'-y'^*0]+(«-Oy* +y'Cy'^* -*W)]=o (is) 

This is the equation of the normal arc at the point or', y. The co- 
ordinates in this last formula are supposed to be rectangular. 

§ 10. — The spherical evolute of a curve described on the surface 
of the sphere is the locus of the point in which two consecutive 
normal arcs to the curve intersect. In finding the spherical evolute, 
we may follow a course exactly analogous to that by which we inves- 
tigate the evolutes of plane curves. We must take the equation 
of the normal arc (18) and differentiate it with respect to a/ and 
y : supposing x and y to be constant; the resulting equation may 
be written in the form 

{y - y') W + ^ ip^^y' - y^'^0 + (^^y -y'da!)dx''\\ 
+ (^ - y) [rfv + y (y^y - ^c^y) + (^'c?^' - aid^f) dy] Ug) 

= d:K^^ + dy''' + {st^dxf - 'ifdafy J 

From this and the equation of the normal arc (18) we find 



y —y! 'Tz. 

{dx'^y'^-dy'd^x') (l+a:'«+y'*)+(x rfy'-2/'rfa;') (rfar'«+%'«4.(ar'rfy'-yV;c')') 

\dx"'^dy"^J^{x'dy'-^y'dx^-\\dy*^x\x*dy'^y'-dx')-\ 
idy'd'x'^dx'd'y'){l+x'^+y'^yHyd^'—^'dy')(,dx'^+dy'^+(x^^^^ 



(20) 



By these last equations taken along with that of the given curve 
and its first and second differentials, we may eliminate ^, y , dx'j 
dyf<i d*x', d*y' ; and the resulting equation between x and y will 
be the required equation of the spherical evolute. 

§ 11. — To determine the Circle of the Sphere which osculates a 
spherical Curve at a given Point ^, y\ 

The spherical coordinates of the centre of the osculating circle 
are evidently the x and y in formulae (20). To ascertain the mag- 
nitude of this circle we must have recourse to the formula (8), 
from which we find the tangent of the arc joining the points x^ y, 
and x'y y . In the formulae (20) let us put for shortness, 
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c/df^ + dyf* 4. (or'rfy —y'da/y r= a, 
dx'd^y' — dy'd^x' = b, 
B (1 4. a?" + ^«) + {x'dxff —yfdx*) a = c, 
then we shall find from them 
^^ B(l+;g^+y)y + A(/a?^ ^_B(l +ar^+3^^0ar^- Arfy 

^- E ^- s ^^^^ 

and 

Hence, 

c (1 +««'+3!y')=c-A(4r'dy-yifar')+ B (1 +«'«+y')(a^'+y) 

zTBCl+ar-'+y)'. 
Also, 

C [ C*'-*)' + (y-yy^- {x^-ya^Y] = A» (1 + y« + y«)- 

Therefore, if y be the are joining the points x, y, and af, y, 



tan V :^ — *^ — - - 

— (!+«'* + y')i (da/d'y-d^tfa^y 



(22) 



This remarkable formula, exactly analogous to that which expresses 
the radius of the circle osculating a given plane curve at the point 
^^ y, might be obtained from the equation of a circle of the sphere 
by the following method. It appears from formula (6) that the equa- 
tion of a circle of the sphere, whose spherical raaius is 7, and the 
coordinates of whose centre are x^', y, is 

cos 7 = 



now this equation may be written in the form 



a^ + fty + c= V 1 + ^' +/» (23) 

where 

a' -j. 6* + c* rz sec V) 

and in order that the circle, whose equation is (23) may osculate a 
given spherical curve at the point ^, y'y we must be able to change 
x and ^, into a/ and y, both in the equation (23) and in its first and 
second differentials. Thus, a, by c, are completely determined from 
the three equations 
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Vl + ^ + y 

Hence, using the abbreviations employed in the preceding investiga- 
tion, we obtain 

_ B (1 + ^» + 3^^) ^^- A(fy 
"*- B(l+^+y«)i 

B (1 4- ^ +3^^)y 4- Adlar^ 
— B(l+a;«4.5^«)i ' 

""— B{l+^*+/VJ ' 

and these three equations give us> since 

a« + 6* + c«-l = tanV, 

A» 



tan '7 = 



B*(l+a;«+5^'*r' 



§ ISL — To find the differential of the Arc of a spherical Curve. 
The equation (7) may be put into the form 

8in^_ - V (1 +^ +y«) (1 + ar'« + y^) 

therefore, if we use ds to denote the differential of the arc of a sphe- 
rical curve, we shall have 

This expression enables us to present the equation (22), which gives 
the tangent of the radius of the osculating circle, in a new form, 

§ 13.— 0» tte Use of polar Coordinates in spherical Geometry. 

In the analytic geometry of the plane, polar coordinates may 
sometimes be employed more advantageously than rectilinear ones : 
so, it is sometimes most convenient to express the position of a point 
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on the surface of the sphere by means of the vector arc sp drawn to 
it from a fixed point s, and the angle psx between this vector arc 
and a fixed arc passing through s. 

The following formulae, in which ^ denotes the arc sp, and a the 
angle psx, are those most commonly used in applications of the me- 
thod of spherical polar coordinates. 

A curve being represented by an equation between ^ and tty it 
may be required to find the angle tf between the vector arc sp and 
an arc of a great circle touching the curve at the point p. This may 
be readily done. For, let a vector arc be drawn to another point q, 
on the curve infinitely near to P ; and from Q let an arc qt be drawn 
perpendicular to sp : then 

OT 

tanQPT= — . 

PT 

But ultimately qpt ^ ^, qt = sin ^ c&y, and pt =z (/(» hence we ob- 
tain the desired formulae 

tan tf = — 5 — 



Since QP is ultimately the differential of the arc dsj we find 

ds=± Vw^^dilF+d^ (27) 

and 

. . sin pdtf ^Q. 

smJ = — ^. (28) 

From (28) we obtain an expression for the arc /?, drawn from s 
perpendicular to the tangent arc at p. 

sin*e d^ faQ\ 

sm p n , ^ (29) 

=4= V sin«c<f«« + </g« 

Next, we may find the area of the elementary spherical triangle 
whose base is qp, the differential of the arc, and whose vertex is the 
pole s. The known formula 

tan 4 a tan 4 6 sin c 

tan f (area) = 7— - — ; — - — -r -, 

* ^ ^ 1 4- tan 4^ a tan ^ 6 cos c 

which gives the area of a spherical triangle in terms of two sides and 
the included angle, becomes, when we substitute g for a and 3, and 
dti for Cy 

area = 2 sin* i^da^z (1 -cos g) dm (30) 

An elegant expression may be obtained for the radius of the oscu- 
lating circle in terms of p and p. Let c be the centre of this circle, 
let y be its radius, and let the arc sc be denoted by i : then, using 
the notation already established, we shall have 
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COS ^ = COS ^ COS 7 -|- sin g sin y sin 0, 
or, 

cos 3 zi: cos-g cos y -{^smp sin y, 

and this equation may be differentiated on the supposition that 3 and 
y remain constant. Thus vre obtain 

sin I dp rrt*\ 

tony = ^. (31) 

cos pap 

If we differentiate (29), considering «» as the independent vari- 
able, we shall find cos p dp in terms of ^ and « ; so that we arrive 
finally at the following equation which gives the tangent of the radius 
of the osculating circle in terms of ^ and «, 

tan y = ±(8in'trf>' + rf;«)| 

(sin«^ cos ^d^* + 2 cos ^ d^* — sin ^d^^dm ^ 

§ 14 — ^ilfoefe o^ passing from rectangular to polar spherical 
Coordinates. 

To effect this change we have only to put 

X =: tan ^ cos ttj and ^ =: tan ^ sin «i. (33) 

From these equations we may deduce the following formula which is 
often useful, 

rf- = ^fc^. (34) 

§ 15. — Quadrature of a spherical Curve given hy an Equation 
between rectangular sphe^Hcal Coordinates. 

We may derive from {34) and (30) a formula for the quadrature 
of a spherical curve, whicn is given by an equation between rectan- 
gular spherical coordinates. 

J ^'+y' V 4-^)^1+^'+/ 

The portion of the sphere whose area is determined by this last for- 
mula is included by an arc of the curve and two arcs of great circles 
drawn to its extremities from the origin. But we may derive from 
(30) a formula for the quadrature of spherical curves more analagous 
to that which is ordinarily employed in the quadrature of plane 
curves. 

Let PM, p'm', be two arcs drawn perpendicular to ox from two 
consecutive points on the curve. It is to be observed that the letters 
here employed refer to the construction indicated in § 1 . Then the 
area of the elementary spherical quadrilateral pmmV, which we shall 
consider as the differential of the area of the curve described by P, 
may tfe easily found. For^ y being the pole of ox, since the area of 



area 
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the elementary spherk^al triangle pyp' is by (30) equal to 

(1 —cos py) mm' = (1 — sin pm) mm', 

it appears that the area of 

pmmV zz sin pm.mm'. 
Now 

y 

sin PM = sm # sin jy := ^ j 

and 

MM' = d (tan) -J;r = , f ■ 
thereforei 

area = ^ ^ (36) 






§ 15. — Equation of a spherical Conic in rectangular Coordi- 
ncUes, 

Any equation of the second degree between the spherical coor- 
dinates X and tf^ represents a spherical conic— (See § 1.) But in 
order to obtain the equation 01 a spherical conic in a simple form, 
we may take its principal diametral arcs for the arcs of reference. 
The equation of tne conic referred to them will be 

aY + b':^ = a^b% (37) 

where a and b are the tangents of the distances of the origin from 
the points in which the curve meets the x and y arcs of reference. 

After what has been said in § 1, it is scarcely necessary to give 
any detailed proof of this. For, if the conic and its diametral arcs 
be projected by means of radii of the sphere upon a plane touching 
the sphere at the centre of the conic, the projection of the curve 
will be an ellipse having for its semiaxes the lines a and b, which are 
the projections of the principal semidiametral arcs of the spherical 
conic. Moreover, the equation of the spherical conic is identically 
the same as that of the ellipse referred to its principal axes. It will 
be convenient to denote the greatest and least semidiametral arcs, or 
as I shall henceforth call them, semidiameters of the conic by a and 
/3^ so that a = tan «, bzz tan fi. We may define the foci of the 
conic as two points on the greatest diameter, whose distances from 
the centre, 4~ V ^^^ ^ 7> ^^ determined by the equation 

cos » ,QQ. 

cos y = -. (38) 

cos fi 

From this relation we find 

sinV_ o*-5« tenV__ q«-5^ sin«2y _ (a'~fc*)(l +b*) .^g. 

sin'*— a« 'tan«*— fl*(l+^)'*° 8in«2« "" a« '^ ' 

o 
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These three quantities 

siny tany , sin2y 

-. — > Z 9 and . , 

sin« tan« sip2« 

as we shall see presently, will be found to appear in theorems and 
formulae relating to spherical conies, in place of the excentricity 
which we meet in the theory of the plane conic sections. I shall de- 
note them respectively by e, c, and i'. 

If in the formulss already given for the transformation of coordi- 
nates (14) we make « = 90^, they would become 

xzz: i, and « = — -,. 

Substituting these values of x and y in (37), and removing the ac- 
cents from x' and y, we should obtain the equation 

which is that of a spherical conic ; the y and x arcs of reference 
being the great circles respectively lying in the principal plane, and 
in the plane of the greatest section of the cone whose generatrices 
are the radii drawn to all the points of the conic. 

Transferring the origin from the centre to the vertex at the extre- 
mity of the greatest diameter, by putting ^ a for tan «, in formulsc 
(14), we should find for the equation of the conic 

, W 6«(1— fl«) 

If a =1 1, that is, if the greatest diameter of the curve be- 
comes a quadrant, the last equation loses the term involving ^, and 
the curve becomes what Mr. Davies calb a spherical parabola. 

The quantity — appears to hold the same place in the theory 

of the spherical conies that it does in that of the plane conic sections. 
It may be called the principal parameter^ and denoted by /?. 

Transferring the origin from the centre to the focus, by putting 
di y for «6 in formuls (14) and afterwards removing the accents from 
x' and y, we should obtain the equation of a spherical conic in 
the following form, 

f + ^''={\P^^*'^y' (42) 

Now, this equation represents, not only the spherical conic, but abo 
the plane curve formed by the intersection of the tangent plane at 
the focus with the cone whose generatrices are the radii of the 
sphere drawn to all the points of the conic : and it is evident from 
the form of equation (42) that this plane curve will be a conic section 
having its focus at the point of contact, its semiparameter equal to p, 
and its excentricity equal to i'. 
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Making or = in (42), we shall find. that the tangent of the arc, 
drawn from the focus to the curve, and perpendicular to the greatest 
diameter, is equal to half the principal parameter. 

Again, without resorting to the formula (2l2), we may show that 
the tangent of the radius of the small circle osculating the conic 
at the extremity of the greatest diameter, is half the principal para- 
meter. In order to prove this, I must premise the following propo- 
sition. 

If an arc k be drawn from any point in the circumference of a 
small circle of the sphere, perpendicular to a fixed diametral arc d of 
the circle, and dividing it into two segments s and y, we should 
always have 

COS 'J a 

tan'Ar 
and the value of ^r-^ — ;, when k and s' are both zz 0, is evidently 
2 sm y ' ^ 

tan \ d. 

Hence, if the equation of a spherical curve be given in rectan- 
gular coordinates, the arcs of reference being the. tangent and normal 
arcs at a point on the curve, we should obtain the tangent of the 
radius of the circle of the sphere which osculates the curve at the 

origin by finding the value of ^, when x and t^ are each = 0. 

Applying this principle to the spherical conic, represented by the 
equation (41), we should find the tangent of the radius of the circle 
osculating the conic at the origin to be equal to half the principal 
parameter. 

§16. — Polar Equation of a spherical Conic. 

The polar equation of a spherical conic referred to its centre as 
pole may be obtained from (37) by the method stated in § 14. We 
thus find it to be 

(43) 





tan V zz Tj — --, 

^ 1— e*cos*A» 


lich also gives 






sin«/3 




^ 1— «*COS*«; 



(44) 

It appears from (43) that the sum of the squares of the cotan- 
gents of two rectangular semidiameters is constant. 

Equation (44) shows that the orthographic projection of a sphe- 
rical conic, upon a plane touching the sphere at the centre of the 
conic will be an ellipse. 

Hence, if arcs pm, pn, be drawn from a point on a spherical 
conic perpendicular to its greatest and least diameters, we should 
have 
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sin^PN stn*PM , ,^^^ 

—r-z — A r-T — ^ !• (45) 

sin*fl6 sin'/3 ^ 

It would not, however, be advantageous in general to take the 
sines of the arcs drawn from a point on the sphere perpendicular to 
two fixed rectangular arcs as the spherical coordinates of that point. 

Using these coordinates, and calling them x and T, we should 
find that the equation of a great circle was of the second degree, 
viz.: 

X* 2XY , _J[1. _ 1 

sin«» "* tan« tan/3 sin'/S 

where « and /8 denote the distances of the origin from the points in 
which the great circle meets the arcs of reference. 

The polar equation of a spherical conic referred to its focus aa 
pole is found from (42) to be 

We infer from this, that if any arc be drawn through the focus of a 
spherical conic, meeting the curve in two points, the sum of the 
trigonometric cotangents of the arcs lying between the focus and 
these two points will be constants 
It is easy to show that 

tan*/S ^__ cos 2y — cos 2« 
tan a sin 2a 

Equation (46) may therefore be put into the following form, 

cos 2y — cos 2« 

tan p = -:— - — — 1 — . f 47) 

* sm 2« ± sm 2y cos • ^ ' 

If we investigate by polar coordinates the locus of a point on the 
surface of a sphere the smes of whose distances from a fixed point on 
the sphere and a fixed arc are always in the ratio of m to 1, we 
should find for the equation of the locus 

9n sin 3 

tan ( = r 5 , (48) 

I — m cos d cos «» * ' 

where ^ is the distance of the fixed point from the fixed arc. 
Comparing this equation with (46) we have 

m sin ^ = J- /), and m cos 3 = i', 
so that 

m«=z|/)» + i«, andtana=:£^ (49) 
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§ 17. — Equations of the cyclic Arcs of a spherical Conic, 
A spherical conic being formed by the intersection of the sphere 
with a cone of the second degree, having its vertex at the centre of 
the sphere, the cyclic arcs of this conic are the great circles whose 
planes are parallel to two subcontrary circular sections of the cone. 
Consequently, if a plane be drawn touching the sphere at the pole of 
one of these great circles, it will intersect tne cone in a circle. Now, 
the equation of that circle in the tangent plane is the same as that of 
the spherical conici if the point of contact be made the origin of 
rectangular coordinates in both cases. Further, we may assume 
that the poles of the cyclic arcs are on the least diameter of the 
conic The question of finding the cyclic arcs is, therefore, reduced 
to thisy — ^to transfer the origin of rectangular snherical coordinates 
from the centre of the conic to a point in its least diameter, that 
diameter being retained as the y arc of reference, and the new coor- 
dinates being rectangular, so that in the transformed equation ^ and 
j^ may have the same coefficient. In order to effect this we must 
use the formuls (15) for the transformation of coordinates, putting 
^ in them instead of /3, so as to avoid ambiguity, and then determine 
4" by the condition that the coefficients of «* and ^ may be equal. 
We thus obtain 



* at— ^'"^ 
the cyclic 



Hence, we find the equations of the cyclic arcs of a conic given by 
the equation 



to be 

Denoting by f the angle between one of the cyclic arcs and the 
greatest diameter, we get from this, since ^ -f ^)/:z: 90^, 

cos p zz. , and sm ^ = -: — . (51 ) 

^ tan« sin« ^ ' 

These equations show that if two spherical conies have the same 
cyclic arcs, the quantity i> in their polar equations (44) referred to 
tne centre as pole, will be the same for both: consequently, the 
ratio of the sines of those semidiameters of two biconcyclic conies 
which make equal angles with the greatest diametral arc will be 
constant: and hence^ if two fttconcycMI conies he projected orthogro' 
phicaUy upon a plane touching the sphere at their common centre^ 
the projections wM he two similar j similarly placed^ and concentric 
ellipses. 
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§ IS^^^Bquation of the great Circle totiching a sphe^Hcai Conic 
at a given Point jp', y. 

The equation of the spherical conic referred to its principal dia- 
meters being 

we find from (16) the equation of the tangent arc at the point of'y y, 
to be 

a«yy + i«jp'^ = rt*&«. (52) 

Hence, also, we may prove, in the same way as the similar result is 
arrived at in the theory of the plane conic sections, that if tangent 
arcs be drawn to a conic from a point without it, or', y, the equation 
of the arc joining the points of contact will be 

o«y^ + 6«4?'^ = a«ft«. (53) 

Since a^ and y may be interchanged with ^ and y, without alter- 
ing the form of the equation (53), it must also represent the locus 
of the point of concourse of the two^ tangent arcs drawn to a conic at 
the points where any arc passing through a fixed point ^, y, meets 
the curve. 

The arc touching the conic at the point ^, y, meets the prin- 
cipal diameters of the conic in points, the tangents of whose distances 

from the centre are —• and -r : call these x and y, and we shall have, 
^' y 

since a* j^'* + 6* ^ rz o' b\ 

X«6« + Y«0« = X«Y*. 

This shows that the spherical cotiic, the tangents of whose prin- 
cipal semidiameters are x and y, will pass through the point whose 
coordinates are a and h, 

§ 19. — Conjugate Diameters of a spherical Conic- 

Conjugate diameters of a spherical conic are those each of which 

passes through the pole of the other with relation to the conic. The 

poles of both of them are evidently on the great circle whose pole is 

the centre of the conic. 

From what has been said in § 1, with reference to the meaning 

of the constants in the equation of an arc of a great circle, it appears 

that the diameter whose equation is 

a^y'y^h'xfx = Oy (54) 

is conjugate to the diameter drawn to the point x\ y, and whose 
equation is therefore, ^ 

,v^ y — y' X zz:0\ 

for it meets the great circle whose pole is the centre of the conic in 
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the same point that the tangent are at the point x*^ y, meets that 

same circle. 

Any two conjugate diameters of a spherical conic will evidently 

make with the greatest diameter two angles the product of whose 

\^ 
tangents is constant and equal to -•• 

The diameter conjugate to that which passes through the point 
x'y y, on the conic, will meet the curve in two points whose coordi- 
nates x'*^ y, are found from the equations (54) and (37) to be 

^"=: ± r y, and y' = ±:-a/. (55) 

Let us denote the semidiameter drawn to the point x'y y, by 9 -^ 
and the semiconjugate diameter by r'\ then as tan Viz: ^'^ +y% 
we shall have 

tanV^= ^ :J —. (56) 

The equation of the tangent arc at that extremity of the conju- 
gate diameter, for which the coordinates are 

or" zr — T-y> and y = - 4?', is x'y—y'x =z ah. (57) 

It may be observed that since 

ar«4.d/'« = a% and^/^ +y'*=:6S 

the sum of the squares of the tangents of two conjugate semidia- 
meters of a spherical conic is constant. 

§ 20 To determine the lengths of the Arcs drawn from the 

Centre or Focus perpendicular to Tangent Arc at the Point o^, y. 

Let X be the arc drawn from the centre, perpendicular to the 
tangent arc at the point ^', y : by the aid of formulae (9) and (52), 
we find 

sin X zz . 

Va*b* + a*y^ + b^ x^ 
and 



i(58) 



tan A =z ■ 



Va'y^ + b*a/* 



The last formula compared with (56) shows that tan r" tan a zr 
ab : that is 

In a spherical conic, the product ofMfce trigonometric tangents of 
the perpendicular let fall from the centre of the conic on a tangent 
arc, and of the semidiameter conjugate to that which passes through 
the point of contact, is constant. 
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Let i be the arc drawn from the focus, whose coordinate is 
4- tan y, ('=z Of,) perpendicular to the tangent arc at the point 
a^f y ; and let ^ be the arc drawn from the other focus, whose Coor- 
dinate is — aif perpendicular to the same tangent arc. Then, from 
formulae (9) and (52), we have 

sin / = ^ ^ , (59) 

V(a*^ + a*y« + A*4^)(l + aV) 

and 

ii.i'- , ^(« + «^) (60) 

v(a*^+ii»y»+6*a:«)(l + i^f*) 

Now, the quantity a^ b^ -^ a^ y^ + b^ op'* may be put into the form 
rt* 6^ (1 + ft») (o* — i*ir«) : consequently, 

sin/sin/' = j^. (61) 

Therefore, in any spherical conic, the product of the sines of the 
arcs drawn from the two foci perpendicular to any tangent arc is 
constant. 

§ 21. — A spherical Conic being represented btf the Equation 
€^^ J^ l^a^z^a^l^^ to express the Distances g', g", of a Point 
x'y y, on the Curve from the two Foci, 

To accomplish this we have only to put =br at and 0, in pkce of 
a/' and y^ in formula (8) : we thus find 

Now the quantity (x'^aif + y* (1 + rt*i') may be put into the 
form (a— or^)* ; we nave, therefore, 

and in like manner 

♦'"<"= -risT- (64) 

From the form of these two last equations it is plain that 

g' =: »— (tan) -W, and ^"=r « + (tan) »— «r' ; 
hence 

(^+{^' = 2*. (65) 

Therefore, the sum of the distances of any point on a spherical conic 
from the two foci is constant. 
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It is to be observed, that the tangent of the distance of any point 
jr', y\ on a spherical conic from either focus is a rational function 
of^r'. 

Had we employed formula (^7) instead of (8) we should have 
found the following values of sin^' and sin^'^ which we shall have 
occasion presently to refer to : 

sin p' = . (66) 

V(l + a«i«) (1 +^4-3^'*) 

sine"=: " "^ '^ (67) 

t/(l+aV)(l + ^? + y'«) 



Since 



sin I sin /' 



sin ^ sin ^* 



if follows that the arcs drawn from the two foci to any point on the 
curve make equal angles with the tangent arc at that point. 

Let tf denote the angle between either of these vector arcs and 
the tangent arc ; then we shall have 

sin ^ sin V 
sm'tf =z -: — --: — -. 



Hence 

§ 22. — Equation of the normal Arc of a spherical Conic. 

We find from equations (12) and (53) that the equation of the 
arc passing through the point x', ^', and perpendicular to the arc 
which joins the points of contact of the two tangent arcs drawn to 
the conic from the point jf', y% is 

y-y — 3^'«*(1 +^*) _ ysin*4t . 

jr-^''~"^'6«(l +a«)'~^'sin«/3* ^ ^ 

If the point jr', y, be on the curve, this same equation becomes 
that of the normal arc at the point. 

By making ^ and ^ successively = in (69), we find the coordi- 
nates op^' and y y of the points in which the arc represented by equa- 
tion (69) meets the greatest and least diameters to be 

a« — 5* 6« — o« 
x'/ — — ^, and 1/'' = y'. (70) 

But the arc which joins the points of contact of the two tangent arcs 

p 
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drawn to the conic from the point a/, y, meets the greatest and 
least diameters in points whose coordinates x^ and ^^ are given by 



the equations 






comparing these values with those of ^' and y, given in (70), we 
have 



«' - ^* 
ft* — a« 



(71) 



These last equations show, that if two tangent arcs be drawn from 
any point to a spherical conic, and another arc be drawn from the same 
point perpendicular to the arc which joins the points of contact, these 
two arcs, which are at right angles to each other, will meet either 
of the principal diameters of the conic in two points, the product of 
the coordinates of which is constant. 

Hence, if two tangent arcs be drawn to a spherical conic, and if 
the arc joining the points of contact touch a second spherical conic 
which has the same foci as the first, the arc joining the point of con- 
course of the tangents to the first conic with the point of contact on 
the second curve, will be a normal to the latter. 

As a particular case of the last theorem we may deduce the fol- 
lowing : 

Any arc passing through the focus of a spherical conic is perpen- 
dicular to the arc joining that focus with the point of concourse of the 
tangent arcs drawn to the conic at the two points in which the arc 
passing through the focus meets the curve. 

It appears from (51), that equation (69) is the same for all sphe- 
rical conies which have the same cyclic arcs. Hence, if tangent arcs 
be drawn to one of two biconcyclic conies from a point on the other, 
the arc drawn from that point perpendicular to the arc joining the 
points of contact on the first conic, will be a normal to the other 
curve. 

Equations (70) show that if any number of spherical conies, which 
have the same cyclic arcs, be cut by an arc perpendicular to either 
of the principal diameters common to all the curves, the normals at 
the points in which this arc meets the several conies will ^all pass 
through the same point on that principal diameter. 

In order to find the length of the normal are y, drawn from the 
point ar', ^', to meet the greatest diameter we must put in (8) 
y z=z 0, and ^' =: «' or' ; (see 70) : thus we obtain 

tan ,_ "(T+T^'T ' 
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to this expression we may give an elegant and syromeirical form ; for 

l-i« = -*(l+o«i«), and y« = -*(a« ar«) ; 
the numerator in the value of tan'y may, therefore, be written thus, 

^1 E^'' (1 - (1 + «'•*) + K - ^*) (1 + i^^'*)], 

which is evidently equal to 

Expunging the common factor 1 + i * ^9 and observing that 

and 

1 + x^ +^'»= (1 +*") (1 + •••^'•)» (72) 



we obtain finally 



tanS = ,, ^, ^ :, . (73 

a*(l + ^+y*) ^ ' 



In like manner we find the length of the normal arc y', drawn from 
the point j?', y, to meet the least diameter. 

»-"''- °?+r^:j ^-- (74) 

It is evident that 

tan y &* 

tan y' a*' 

From equations (68), (73), and (74) we have 

tan y sin tf = ^ j!7, and tan y' sin tf = a. 

Hence, since the angle between the normal and either of the 
focal vector arcs drawn to the point x'y y, is the complement of tf, 
we derive the following theorem. 

From the points where the normal to a spherical conic meets its 
greatest and least diameters, if arcs be drawn perpendicular to either 
of the focal vector arcs passing through the point on the curve at 
which the normal is drawn, these arcs will cut off constant portions 
from the vector arc. 
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Comparing equations (66) and (67) with (73) and (74) we find 

tan y tan / = sin ^ sin ^' (1 + a*). (75) 

Let us denote by ^ the angle between the normal and the arc 
drawn from the centre to the point x\ y, then we shall have 

sin A z= sin r' cos ^, and sin A tan y =r 6' cos r' ; 

therefore, 

tan y tan r' cos ^ z= 6*. (76) 

Consequently, if we denote by | the portion cut off from the normal 
by a perpendicular let fall upon it from the centre, we obtain 

tan y tan { = 6'. (77) 

§ 23. — Equations of the director Arcs of a sphetHccU Conic. 

The director arc of a spherical conic is the locus of the point of 
concourse of the two tangent arcs drawn to the conic at the points 
where any arc passing through the focus meets the curve. 

The equations of the director arcs corresponding to the two foci 
are found from (53) to be 

x=±t (78) 

i 

In formula (9), let us make 

/8 = 0, and et z=" ± -, 
- a 

and it will give for the value of the sine of the perpendicular k let 
fall from the point or', y, on the director arc 

sini. — ^^ (79) 

V(a* + i*)(l + a?'«+j/'*) 

Comparing this equation with {^^^ and (67), we see that the sines of 
the distances of any point on the conic from a focus and the corres- 
ponding director arc are to each other in a constant ratio. If m be 
the exponent of this ratio, 

§ 24. — Equation of the spherical Conic supplementary to the one 
represented by the Equation 

The spherical curve supplementary to a given one is the locus of 
the poles of all the great circles which touch the given curve. 
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The equation of the tangent arc at the point a;', y^^ to the conic 
represented by the equation a«y 4- 6* or^n a* 6«, has been shown 
to be 

The coordinates of the pole of this circle x^' and y^\ are by (2) 

*"=-i'^^y"=-^- (81) 

Hence, putting the values of x' and y found from these last equa- 
tions in a* y^ -|- 6« a?'* = a* ft«, and removing the accents from 
z^' and y'\ as no longer necessary, we find the equation of the pro- 
posed locus to be 

ft«^ + a«a?»=l; (82) 

as the equation of the given conic may be written in the form 

&* + a« — *' 

it is plainly supplementary to the conic represented by the equa- 
tion (82). 

Since a > 6, the foci of the supplementary conic are on the 
least diameter of the given one. Let us denote the greatest and 
least semidiameters of the supplementary conic by «' and /8% and 
the distance between its foci by 2^ ; then we shall plainly have 

so that 

co8«^ sin^ 

cos y' zr ; :zz —, z^ sin O, 

COS/8' sm« 

Therefore, theybct of the supplementary conic are the poles of the 
cyclic arcs of the given conic : and, since the curves are mutually 
supplementary, the foci of the given conic are the poles of the 
cyclic arcs of the supplementary one. 

But we may prove the existence of a more general relation be- 
tween the two curves in the following manner : 

The equation of the locus of the point of concourse of tangents 
drawn to the given conic at the points in which any arc passing 
through the point x\ y\ meets the curve, being 

a*yfyJ^h^x'x = a*h^; 

the coordinates of the pole of this great circle are 

J?' , y' 
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Again, the equation of the locus of the point of concourse of 
tangents drawn to the supplementary conic at the points in which 
any arc passing through the point whose coordinates are 

meets the curve, will be 

or'^+y^ir- 1; 

and the coordinates of the pole of this great circle are x' and y'. 

Thus, we have proved that to a point and its polar arc, with 
relation to a given spherical conic, correspond an arc and its pole 
with relation to the supplementary conic. It appears from this 
that to a focus and its director arc in a given conic, correspond a 
cyclic arc in the supplementary conic, and its pole with relation to 
that curve. 

The two supplementary conies being thus connected, we are 
able, when a theorem has been proved with relation to points and 
arcs belonging to a spherical conic, to deduce from it at once 
another theorem relating to the corresponding arcs and points be- 
longing to the supplementary conic. 

§ 25. — Evolaie and osculating Circle of a spherical Conic, 
By differentiating the equation (37) twice we should find 

dx^ + dy^ + {x'dyf - y'ds^)^ = T—£-Z: dx^K (83) 

dx^ 4- y Qf'dx^ - JP%0 = (1 + &*) ^^. 

dyf + X' (a^dy' - y'dx') = - -p-, (!+»*) dx\ 

h^dx^ 
dy'd^x^^dx'd-y'ziz-^. (84) 

Making these substitutions in formulae (20), and observing that 
a*6* + a^yf^ + &* ar'« = a*6« (1 4- 6«) (a« - ^x^\ 

and 

(l+a;«+5^'») = (l + 60(l+t^^'*). 
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We obtain finally the coordinates of the centre of the osculating 
circle 

a« — 6« &• — a* 

So that the equation of the evolute will be 

where 

o« - 6« ^ ^, 6« - a« 

-, and ft' : 



-a(l + 6«)'""^ "bdl + a*)' 

Substituting from (83) and (84) in formula (22), we get for the 
semidiameter of the osculating circle 

_ (g*6*4-fl*y^4-&*^')f _ tan^ 
° ^ "" a*&*(l 4- ^^ + ^'»)i "^ />* * 

§ 26. — Rectification and Quadrature of a spherical Conic, 
The formula already given (24) for the differential of the arc 
of a spherical curve becomes, when we put in their values (83) and 

""^^ for 



(72) for 
and 



dx^ + di^^ + {x'dy' - ydy )% 

, hdx \/a« — i«;r* 

ds-zz- 



a^\ +6«(1 +i'^)^ 



Let us make ^r zr a sin ^, then, by the equation of the conic 
(37), y = 6 cos ^ ; and the differential may be brought into the fol- 
lowing form 



sm*^ 

The arc is, therefore, represented by means of two elliptic integrals 
of the first and third orders, having % for their common modulus ; 
the parameter of the latter being a* §•. 

To find the area of the conic we may employ the formula (36). 
In it let us make 

;r = a cos tf, and ^ = 6 sin tf, 
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as the equation of the conic penmtg, then we shall have 

a (area) zi — -■ J 1 — — : — J. — . 

aVl-|-tf*i l-nn'asm'l^ Vl-sinVsin*! 

The area may, therefore, be made to dqiend upon two elliptic 
integrals of the first and third orders ; the parameter of the latter 
being — sin'*, and their conmion modulus siny. 

It may be observed, that the eUiptic integral of the third order 
which presents itself in the quadrature of a spherical conic is of 
the circular and not of the logarithmic kind, since sin*« is inter- 
mediate between sin V and 1 . 



THE END. 
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